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Abstract 


The  primary  goal  of  the  IMPACT  effort  is  to  demonstrate  the  advantages  of 
heterostructure  integrated  thermionic  (HIT)  coolers  and  their  integration  with 
microelectronics  and  photonics.  The  majority  of  our  research  involves  the  development 
of  this  new  technology  through  nanostructured  materials  design  and  growth;  device 
design  and  fabrication;  simulation  and  modeling;  novel  measurements  of  thermoelectric 
and  thermionic  behavior;  and  systems  integration  and  packaging. 

During  our  effort,  SiGe/Si  superlattice  microcoolers  have  been  integrated  with 
thin  film  heaters.  Use  of  a  heat  load  on  top  of  device  allowed  direct  measurement  of 
cooling  power  density.  It  was  observed  that  smaller  size  cooler  devices  (40-50  micron  in 
diameter)  have  cooling  power  density  much  larger  than  larger  devices  (100  micron  in 
diameter).  A  detailed  theory  has  been  developed  which  predict  accurately  the  maximum 
cooling  temperature  and  cooling  power  density  for  various  device  sizes.  We  improved 
the  characterization  of  cross  sectional  temperature  profile  in  thin  film  thermionic  coolers 
with  <100nm  nm  resolution  using  scanning  thermal  microscopy.  By  modulating  the 
device  current  at  a  known  frequency,  co,  the  Peltier  cooling/heating  contribution 
(proportional  to  co)  and  Joule  heating  contribution  (proportional  to  2co)  were  separated. 
Using  thermoreflectance  imaging  technique,  frequency  response  of  micro  coolers  were 
measured  for  several  devices  with  different  superlattice  periods.  It  was  found  that  the 
frequency  response  (>40-50kHz)  is  limited  by  the  thermal  mass  of  the  metalization  on 
top  of  the  device  and  it  is  independent  of  the  superlattice  thickness  or  the  device 
diameter.  We  continued  3-©  measurements  of  thermal  conductivity  (77-400K)  of  various 
superlattice  structures  in  order  to  minimize  the  thermal  conductivity.  Electron 
transmission  in  various  superlattices  has  also  been  experimentally  studied  using 
ballistic  electron  emission  microscopy. 
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Scientific  Progress  and  Accomplishments 


Project  Goals 

The  primary  goal  of  the  IMPACT  effort  is  to  demonstrate  the  advantages  of 
heterostructure  integrated  thermionic  (HIT)  coolers  and  their  integration  with 
microelectronics  and  photonics.  The  majority  of  our  research  involves  the  development 
of  this  new  technology  through  nanostructured  materials  design  and  growth;  device 
design  and  fabrication;  simulation  and  modeling;  novel  measurements  of  thermoelectric 
and  thermionic  behavior;  and  systems  integration  and  packaging. 


Approach 

Materials  design  is  focused  on  increasing  the  cooling  power  and  efficiency  with 
thermionics  and  phonon  bandgap  engineering  in  superlattices.  Electrical  and  thermal 
transport  measurements  are  used  to  verify  model  predictions  and  aid  in  further 
improvements  in  device  and  materials  design.  Simulations  are  used  to  determine 
device  limitations  and  non-ideal  effects.  Ultimately,  thermionic  devices  are  to  be 
integrated  and  packaged  for  systems  demonstration. 


Accomplished  Milestones 

•  Design  and  fabrication  of  both  n-  and  p-SiGe/Si  superlattice  coolers  on  a  SOI  (silicon 
on  insulator)  substrate. 

•  Detailed  2D  and  3D  electro  thermal  modeling  of  superlattice  coolers.  Accurate 
prediction  of  maximum  cooling  (4.5K  at  room  temperature)  and  cooling  power 
density  (680W/cm2)  for  various  device  sizes  and  superlattice  material. 

•  Integration  of  micro  thin  film  heaters  with  cooler  devices  to  characterize  the  cooling 
temperature  and  cooling  power  density  of  different  superlattices  thicknesses. 

•  Measured  frequency  response  of  SiGe  superlattice  micro  coolers  using 
thermoreflectance  imaging  technique  (>40-50kHz  for  superlattice  thickness  1-6um, 
device  size  40-1  OOum  in  diameter). 

•  3-co  measurements  of  thermal  conductivity  (77-400K)  of  various  superlattice 
structures. 

•  Cross  sectional  thermal  microscopy  of  thin  film  thermionic  coolers  with  <100nm  nm 
resolution  (separation  of  Peltier  and  Joule  heating  contributions). 

•  Substrate  transfer  of  thin  films  to  copper  substrates  for  improved  heat  sink 
properties. 

•  Fabrication  and  characterization  of  SiGe  superlattice  microcooler  samples  on  high 
thermal  conductivity  single-isotope  Si  substrate. 
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•  Monolithic  integration  of  InGaAsP/lnP  based  thin  film  coolers  with  in-plane  laser 
structures  emitting  at  1.55  pm. 

•  Ballistic  electron  emission  microscopy  of  various  InAIP/InGaP  superlattices.  The 
effects  of  momentum  randomization  at  a  metal/semiconductor  interface  have  also 
been  measured. 

•  Further  development  of  n-  and  p-type  superlattice  cooler  designs  for  future 
integration  of  p-  and  n-type  elements. 

•  3-co  measurements  of  thermal  conductivity  (77-400K)  of  highly  strained 
Si0.1Ge0.9/Si0.9Ge0.1  superlattice  structures. 

•  Develop  microcooler  arrays  for  multi-place  localized  temperature  control  in  a  single 
chip. 
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Awards 


AN  Shakouri: 

NSF  CAREER  Award  April  2000 

Packard  Fellowship  1999 

V.  Narayanamurti: 

Centennial  Plenary  Speaker,  March  Meeting  of  the  American  Physical 
Society,  "Frontiers  in  Condensed  Matter  and  Materials  Physics." 

Chair,  National  Research  Council,  Board  of  Physics  and  Astronomy  panel 
on  "Condensed  Matter  and  Materials  Physics;  Basic  Research  for 
Tomorrow's  Technology." 

Year  2000  Individual  Academic  Achievement  Award  at  the  Asian  American  Unity 
Dinner,  Boston,  May,  2000. 

In  March  2000,  the  Venky  Narayanamurti  Entrepreneurship  Award  was 
endowed  at  the  University  of  California,  Santa  Barbara. 


Inventions 

1.  Ali  Shakouri,  James  Christofferson,  and  Peyman  Milanfar,  “Sub  micron  thermal 
imaging",  UC  Case  No.  2001-161-1,  October.  2000,  (Patent  pending) 

2.  Peyman  Milanfar  and  Ali  Shakouri,  “Superresolution  with  AC  imaging,”  UC  Case  No. 
2002-047,  July  2001  (patent  pending) 

3.  Ken  Pedrotti  and  Ali  Shakouri,  “Differential  Boxcar  Imaging  Chip,”  Record  of 
Invention  submitted  to  University  of  California,  October  200 
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Publications 


(a)  Published  in  peer-reviewed  journals  (attached) 

Chen,  G.;  Shakouri,  A.  “Heat  transfer  in  nanostructures  for  solid-state  energy 
conversion,”  Transactions  of  the  ASME.  Journal  of  Heat  Transfer,  vol.124,  (no  2) 
ASME,  April  2002.  p.242-52. 

Huxtable,  S.T.;  Abramson,  A.R.;  Chang-Lin  Tien;  Majumdar,  A.;  LaBounty,  C.;  Xiaofeng 
Fan;  Gehong  Zeng;  Bowers,  J.E.;  Shakouri,  A.;  Croke,  E.T.  “Thermal  conductivity  of 
Si/SiGe  and  SiGe/SiGe  superlattices,”  Applied  Physics  Letters,  vol.80,  (no.10),  AIP,  11 
March  2002.  p.1737-9. 

RE.  Martinezll,  I.  Appelbaum,  C.V.  Reddy,  R.  Sheth,  K.J.  Russel  and  V. 
Narayanamurti,  “Electron  Transport  through  strongly  coupled  AlInP/GnlnP 
Superlatives”,  Applied  Physics  Letters,  vol.  81,  p.  3576  (2002) 

“Quantum-Confinement-Assisted  Electron  Transport  Across  Metal  Semiconductor 
Interface,”  by  Igor  Altfeder,  J.  A.  Golovchenko  and  V.  Narayanamurti,  Phys.  Rev.  Lett., 
Vol.  87,  No.  5,  056801  (2001). 

“BEEM  imaging  and  spectroscopy  of  buried  structures  in  semiconductors,"  by  V. 
Narayanmurti  and  M.  Kozhevnikov,  Physics  Reports  34916,  447-514(2001)  Invited 
Review 

C.  LaBounty,  A.  Shakouri,  and  J.  E.  Bowers,  “Design  and  Characterization  of  Thin  Film 
Micro-Coolers,”  Journal  of  Applied  Physics,  Vol.  89,  No.  7,  1  April  2001. 

X.  Fan,  G.  Zeng,  C.  LaBounty,  E.Croke,  A.  Shakouri,  C.  Ahn,  J.E.  Bowers,  “SiGeC/Si 
superlattice  micro  cooler,"  Applied  Physics  Lett.,  Vol.  78,  No.11,  12  March  2001. 

X.  Fan,  G.  Zeng,  C.  LaBounty,  E.Croke,  D.  Vashaee,  A.  Shakouri,  C.  Ahn,  J.E.  Bowers, 
“High  cooling  power  density  SiGe/Si  micro  coolers,”  Elec.  Lett.,  Vol.  37,  No.  2,  18th 
January  2001. 

C.  LaBounty,  A.  Shakouri,  P.  Abraham,  and  J.  E.  Bowers,  “Monolithic  integration  of  thin 
film  coolers  with  optoelectronic  devices,"  Optical  Engineering, Vol.  39,  No.11,  November 
2000. 

X.  Fan,  G.  Zeng,  E.  Croke,  G.  Robinson,  C.  LaBounty,  A.  Shakouri,  J.E.  Bowers, 
“SiGe/Si  Superlattice  Coolers,”  Phys.  Low-Dim.  Struct.,  5/6  (2000)  pp.  1-10. 
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S.  T.  Huxtable,  C.  LaBounty,  A.  Shakouri,  P.  Abraham,  Y.  J.  Chiu,  X.  Fan,  J.  E.  Bowers, 
and  A.  Majumdar,  "Thermal  Conductivity  of  Indium  Phosphide  Based  Superlattices," 
Microscale  Thermophysical  Engineering,  Vol.4,  No.  3  (2000). 


(b)  Published  in  conference  proceedings 

Zhang,  Y.;  Zeng,  G.;  Singh,  R.;  Christofferson,  J.;  Croke,  E.;  Bowers,  J.E.;  Shakouri,  A. 
“Measurement  of  Seebeck  coefficient  perpendicular  to  SiGe  superlattice  layers,"  21st 
International  Conference  on  Thermoelectrics,  Long  Beach  CA,  26-29  August  2002. 

A.  Shakouri,  D.  Vashaee,  J.  Christofferson,  X.  Fan  and  C.  Labounty,  “Thin  film  solid 
state  refrigerators  for  spot  cooling  of  integrated  circuits,”  Thermal  Challenges  in  Next 
Generation  Electronic  Systems  (THERMES  2002),  Edited  by  Y.K.  Joshi  and  S.  V. 
Garimella,  pp.75-76,  January  2002. 

A.  Fitting,  J.  Christofferson,  A.  Shakouri,  X.  Fan,  G.  Zeng,  C.  LaBounty,  J.E.  Bowers,  E. 
Croke  “Transient  response  of  thin  film  SiGe  micro  refrigerators”  2001  ASME 
International  Mechanical  Engineering  Congress  and  Exposition  November  11-16,  2001, 
New  York,  NY 

A.  Majumdar,  S.  Huxtable,  A.  Abramson,  C.  Tien,  X.  Fan,  G.  Zeng,  C.  LaBounty,  J.E. 
Bowers,  E.  Croke,  A.  Shakouri  “Nanoscale  thermal  transport  in  superlattices”  2001 
ASME  International  Mechanical  Engineering  Congress  and  Exposition  November  11-16, 
2001,  New  York,  NY 

A.  Majumdar,  K.  Tan,  A.  Miner,  X.  Fan,  G.  Zeng,  C.  LaBounty,  J.E.  Bowers,  E.  Croke, 

A.  Shakouri,  “Nanoscale  thermal  imaging  of  thermionic  devices  using  scanning  thermal 
microscopy”  2001  ASME  International  Mechanical  Engineering  Congress  and 
Exposition  November  11-16,  2001,  New  York,  NY 

J.  Christofferson,  D.  Vashaee,  A.  Shakouri,  P.  Melese  “Real  time  submicron  imaging 
using  thermoreflectance”  2001  ASME  International  Mechanical  Engineering  Congress 
and  Exposition  November  11-16,  2001,  New  York,  NY 

C.  LaBounty,  X.  Fan,  G.  Zeng,  Y.  Okuno,  A.  Shakouri,  and  J.E.  Bowers,  “Integrated 
Cooling  of  Semiconductor  Lasers  by  Wafer  Fusion,”  20th  International  Conference  on 
Thermoelectrics,  Beijing,  China,  June  2001. 

Xiaofeng  Fan,  Gehong  Zeng,  Edward  Croke,  Chris  LaBounty,  Daryoosh  Vashaee, 
James  Christofferson,  Ali  Shakouri,  and  John  E.  Bowers,  “Integrated  cooling  for  Si- 
based  microelectronics”,  Twentieth  International  Conference  on  Thermoelectrics,  ICT 
2001. 

J.  Christofferson,  D.  Vashaee,  A.  Shakouri,  P.  Melese,  X.  Fan,  G.  Zeng,  C.  LaBounty, 
and  J.E.  Bowers,  “Thermoreflectance  Imaging  of  Superlattice  Micro  Refrigerators,” 
SEMITHERM  XVII  symposium  proceedings,  San  Jose,  Ca,  March  2001. 
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James  Christofferson,  Daryoosh  Vashaee,  Ali  Shakouri,  Phil  Melese,  “Opto-thermal 
characterization  of  heterostructure  integrated  thermionic  coolers”,  SPIE-Photonic  West 
Metrology-Based  Control  for  Micro  Manufacturing,  San  Jose,  Ca,  January  2001 

Daryoosh  Vashaee,  Christopher  LaBounty,  Xiaofeng  Fan,  Gehong  Zeng,  Patrick 
Abraham,  John  E.  Bowers,  and  Ali  Shakouri,  “Modeling  of  Thin  film  P-InGaAs/InGaAsP 
coolers  for  Integrated  Optical  Devices”,  Photonics  West,  20-26  January  2001,  San  Jose 
CA 

C.  LaBounty,  D.  Oberle,  J.  Piprek,  P.  Abraham,  A.  Shakouri,  J.E.  Bowers,  “Monolithic 
Integration  of  Solid  State  Thermionic  Coolers  with  Semiconductor  Lasers,"  LEOS  2000 
Conference  Proceedings  (IEEE),  Rio  Grande,  Puerto  Rico,  November  2000. 

C.  LaBounty,  G.  Robinson,  P.  Abraham,  A.  Shakouri,  J.E.  Bowers,  “Transferred- 
Substrate  InGaAsP-based  thermionic  emission  coolers,”  IMECE  2000  Conference 
Proceedings  (ASME),  Orlando,  FL,  November  2000. 

J.  Christofferson,  D.  Vashaee,  A.  Shakouri,  X.  Fan,  G.  Zeng,  C.  LaBounty,  J.E.  Bowers, 
E.T.  Croke  III,  “Thermal  Characterization  of  Thin  Film  Superlattice  Micro  Refrigerators,” 
International  Symposum  on  Compound  Semiconductors,  Monterey,  CA,  September 
2000. 

C.  LaBounty,  D.  Vashaee,  X.  Fan,  G.  Zeng,  P.  Abraham,  A.  Shakouri,  J.E.  Bowers  ,"P- 
type  InGaAs/InGaAsP  Superlattice  Coolers,"  19th  International  Conference  on 
Thermoelectrics,  Cardiff,  Wales,  August  2000. 

C.  LaBounty,  A.  Shakouri,  P.  Abraham,  and  J.  E.  Bowers,  “Two  Stage  Monolithic  Thin 
Film  Coolers,”  ITherm  2000  Conference  Proceedings,  Las  Vegas,  NV,  May  2000. 

X.  Fan,  G.  Zeng,  E.  Croke,  G.  Robinson,  C.  LaBounty,  A.  Shakouri,  and  J.E.  Bowers, 

“n-  and  p-type  SiGe/Si  Superlattice  Coolers,”  ITherm  2000  Conference  Proceedings, 

Las  Vegas,  NV,  May  2000. 

C.  LaBounty,  A.  Shakouri,  G.  Robinson,  L.  Esparza,  P.  Abraham,  and  J.  E.  Bowers, 
“Experimental  Investigation  of  Thin  Film  Coolers,”  Material  Research  Society  Spring 
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Heat  Transfer  in  Nanostructures 
for  Solid-State  Energy  Conversion 

Solid-state  energy  conversion  technologies  such  as  thermoelectric  and  thermionic  refrig¬ 
eration  and  power  generation  require  materials  with  low  thermal  conductivity  but  good 
electrical  conductivity  and  Seebeck  coefficient,  which  are  difficult  to  realize  in  bulk  semi¬ 
conductors .  Nanostructures  such  as  superlattices,  quantum  wires,  and  quantum  dots  pro¬ 
vide  alternative  approaches  to  improve  the  solid-state  energy  conversion  efficiency 
through  size  and  interface  effects  on  the  electron  and  phonon  transport.  In  this  review,  we 
discuss  recent  research  and  progress  using  nanostructures  for  solid-state  energy  conver¬ 
sion.  The  emphasis  is  placed  on  fundamental  issues  that  distinguish  energy  transport  and 
conversion  between  nanoscale  and  macroscale,  as  well  as  heat  transfer  issues  related  to 
device  development  and  property  characterization.  [DOI:  1 0. 1  i  1 5/1 . 1 44833 1  ] 

Keywords:  Conduction,  Energy  Conversion,  Heat  Transfer,  Microscale  Microstructures, 
Nanoscale,  Thermoelectric,  Thin  Films 


1  Introduction 

Accompanying  the  motion  of  charges  in  conductors  or  semi¬ 
conductors,  there  is  also  an  associated  energy  transport.  Consider 
a  current  flowing  through  a  pair  of  /i-type  and  p- type  semiconduc¬ 
tors  connected  in  series  as  shown  in  Fig.  [(a).  The  electrons  in  the 
/i-type  material  and  the  holes  in  the  p- type  material  all  carry  heat 
away  from  the  top  metal-semiconductor  junctions,  which  leads  to 
a  cooling  at  the  junctions  called  the  Peltier  effect.  Conversely,  if  a 
temperature  difference  is  maintained  between  the  two  ends  of  the 
materials  as  shown  in  Fig.  1(6),  higher  thermal  energy  electrons 
and  holes  will  diffuse  to  the  cold  side,  creating  a  potential  differ¬ 
ence  that  can  be  used  to  power  an  external  load.  This  Seebeck 
effect  is  the  principle  for  thermocouples.  For  each  material,  the 
cooling  effect  is  gauged  by  the  Peltier  coefficient  II  that  relates 
the  heat  carried  by  the  charges  to  the  electrical  current  through 
Q-Wxi.  The  power  generation  is  measured  by  the  Seebeck  co¬ 
efficient  S ,  which  relates  the  voltage  generated  to  the  temperature 
difference  through  AV'=~SXA'T.  The  Peltier  and  the  Seebeck 
coefficients  are  related  through  the  Kelvin  relation  U  =  ST.  Prac¬ 
tical  devices  are  made  of  multiple  pairs  of  p-type  and  /Hype  semi¬ 
conductors  as  shown  in  Fig.  1(c).  Analysis  shows  that  efficient 
coolers  and  power  generators  should  have  a  large  figure-of-merit 

[i]. 


crS 2 


where  a  is  the  electrical  conductivity  and  k  the  thermal  conduc¬ 
tivity.  The  reason  that  the  electrical  conductivity  a  enters  Z  is  due 
to  the  Joule  heating  in  the  element.  Naturally,  the  Joule  heat 
should  be  minimized  by  increasing  the  electrical  conductivity.  The 
thermal  conductivity  k  appears  in  the  denominator  of  Z  because 
the  thermoelectric  elements  also  act  as  the  thermal  insulation  be¬ 
tween  the  hot  and  the  cold  sides.  A  high  thermal  conductivity 
causes  too  much  heat  leakage  through  heat  conduction.  Because  Z 
has  a  unit  of  inverse  temperature,  the  nondimensional  figure  of 
merit  ZT  is  often  used.  The  best  ZT  materials  are  found  in  semi¬ 
conductors  [2].  Insulators  have  poor  electrical  conductivity.  Met¬ 
als  have  relatively  low  Seebeck  coefficients.  In  addition,  the  ther¬ 
mal  conductivity  of  a  metal,  which  is  dominated  by  electrons,  is 
proportional  to  the  electrical  conductivity,  as  dictated  by  the 
Wiedemann-Franz  law.  It  is  thus  hard  to  realize  high  ZT  in  metals. 
In  semiconductors,  the  thermal  conductivity  consists  of  contribu¬ 
tions  from  electrons  ( ke )  and  phonons  (kp)9  with  the  majority 
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contribution  coming  from  phonons.  The  phonon  thermal  conduc¬ 
tivity  can  be  reduced  without  causing  too  much  reduction  in  the 
electrical  conductivity.  A  proven  approach  to  reduce  the  phonon 
thermal  conductivity  is  through  alloying  [3].  The  mass  difference 
scattering  in  an  alloy  reduces  the  lattice  thermal  conductivity  sig¬ 
nificantly  without  much  degradation  to  the  electrical  conductivity. 
The  traditional  cooling  materials  are  alloys  of  Bi2Te3  with  St>2Te3 
(such  as  Bi05Sbl5Te3,  p-type)  and  Bi2Te3  with  Bi2Se3  (such  as 
Bi2Te2  7Seo3,  n-type),  with  a  ZT  at  room  temperature  approxi¬ 
mately  equals  to  one  [2].  A  typical  power  generation  material  is 
the  alloy  of  silicon  and  germanium,  with  a  ZT~ 0.6  at  700°C. 
Figure  2  plots  the  theoretical  coefficient  of  performance  (COP) 
and  efficiency  of  thermoelectric  coolers  and  power  generators  for 
different  ZT  values.  Also  marked  in  the  figures  for  comparison  are 
other  cooling  and  power  generation  technologies.  Materials  with 
ZT~  1  are  not  competitive  against  the  conventional  fluid-based 
cooling  and  power  generation  technologies.  Thus,  solid-state 
cooler  and  power  generators  have  only  found  applications  in  niche 
areas,  such  as  cooling  of  semiconductor  lasers  and  power  genera¬ 
tion  for  deep  space  exploration,  although  the  application  areas 
have  been  steadily  increasing. 

While  the  search  for  high  ZT  materials  before  1990s  have  been 
mostly  limited  to  bulk  materials,  there  has  been  extensive  research 
in  the  area  of  artificial  semiconductor  structures  in  the  last  30 
years  for  electronic  and  optoelectronic  applications.  Various 
means  of  producing  ultrathin  and  high  quality  crystalline  layers 
(such  as  molecular  beam  epitaxy  and  metalorganic  chemical  vapor 
deposition)  have  been  used  to  alter  the  “bulk”  characteristics  of 
the  materials.  Drastic  changes  are  produced  by  changing  the  crys¬ 
tal  periodicity  (by  e.g.,  depositing  alternating  layers  of  different 
crystals),  or  by  changing  the  electron  dimensionality  (by  confining 
the  carriers  in  a  plane  (quantum  well)  or  in  a  line  (quantum  wire, 
etc.)).  Even  though  electrical  and  optical  properties  of  these  arti¬ 
ficial  crystalline  structures  have  been  extensively  studied,  much 
less  attention  has  been  paid  to  their  thermal  and  thermoelectric 
properties.  Thermoelectric  properties  of  low-dimensional  struc¬ 
tures  started  to  attract  attention  in  the  1990s,  in  parallel  to  re¬ 
newed  interests  in  certain  bulk  thermoelectric  materials  such  as 
skutterudites  [4].  Compared  to  the  research  in  bulk  materials  that 
emphasizes  reducing  the  thermal  conductivity,  nanostructures  of¬ 
fer  the  chance  of  improving  both  the  electron  and  phonon  trans¬ 
port  through  the  use  of  quantum  and  classical  size  and  interface 
effects.  Several  directions  have  been  explored  such  as  quantum 
size  effects  for  electrons  [5,6],  thermionic  emission  at  interfaces 
[7,8],  and  interface  scattering  of  phonons  [9,10].  Impressive  ZT 
values  have  been  reported  in  some  low-dimensional  structures 
[11,12].  Comprehensive  reviews  on  the  progress  of  thermoelectric 
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Fig.  1  Illustration  of  thermoelectric  devices  (a)  cooler,  ( b )  power  generator,  and  (c)  an  actual  device 


materials  research  is  presented  in  a  recently  published  series  [4] 
and  in  the  proceedings  of  the  various  international  conferences  on 
thermoelectrics  held  in  recent  years. 

In  this  article,  we  have  in  mind  readers  interested  in  nano-  and 
microscale  heat  transfer  and  energy  conversion  and  focus  on  ther¬ 
moelectric  energy  conversion  in  low-dimensional  structures.  The 
emphasis  is  placed  on  fundamental  issues  that  distinguish  energy 
transport  and  conversion  between  nanoscale  and  macroscale,  as 
well  as  heat  transfer  issues  related  to  device  development  and 
property  characterization.  One  of  our  aims  is  to  provide  the  read¬ 
ers  with  an  overview  of  recent  developments.  Because  of  the  wide 
scope  of  work  being  carried  out,  the  cited  references  are  far  from 
complete.  Along  with  the  review,  we  hope  to  stimulate  the  readers 
by  pointing  out  unsolved,  challenging  questions  related  to  the 
theory,  characterization,  and  device  development. 

2  Formulation  of  Thermoelectric  Effects 

In  solid-state  coolers  or  power  generators,  heat  is  carried  by 
charges  from  one  place  to  another.  The  current  density  and  heat 
flux  carried  by  electrons  can  be  expressed  as  [13] 

J(f)=4 J  J  qv(k)f(r,k)d3k  (I) 


where  q  is  the  unit  charge  of  each  carrier,  Ef  the  Fermi  energy,  v 
the  earner  velocity,  and  the  integration  is  over  all  the  possible 
wavevectors  k  of  all  the  charges.  The  carrier  probability  distribu¬ 
tion  function,  /(r,k)  is  governed  by  the  Boltzmann  equation. 
Considering  transport  processes  occurring  much  slower  than  the 
relaxation  process  and  employing  the  relaxation  time  approxima¬ 
tion,  the  Boltzmann  equation  can  be  expressed  as 


.■v+g'-v— 

h  r(k) 


where  is  e  the  electric  field,  r(k)  the  momentum-dependent  re¬ 
laxation  time,  h  the  Planck  constant  divided  by  2 tt,  and  /cq  the 
equilibrium  distribution  function.  For  electrons  and  holes. 


(4) 


where  kB  is  the  Boltzmann  constant,  and  T  the  local  temperature. 
Under  the  further  assumption  that  the  local  deviation  from  equi¬ 
librium  is  small,  the  Boltzmann  equation  can  be  linearized  and  its 
solution  expressed  as 


/(r,k)=/eq(r,k)  +  r(k)v| 


E(k)-Ef 


Je(r)=4~?j  J  J  [E(k)-E/r)]v(k)/(r,k)d3k,  (2) 


+  <7\E~  9  VrEf, 


Fig.  2  Comparison  of  thermoelectric  technology  with  other  energy  conversion  methods  for  (a)  cooling  and  ( b ) 
power  generation 
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Substituting  the  above  expression  in  Eqs.  (1)  and  (2)  leads  to  the 
J(r)  =  </2Z.0(-iv<I >)  +  |l,(-VD  (6) 

J()(r)=fl/,|j-Vl»j  +  i/,(-Vr7'),  (7) 

where  is  the  electrochemical  potential  (~V<I>/g=£ 
-VEffq).  The  transport  coefficients  Ln  are  defined  by  the  fol¬ 
lowing  integral 

L„= f  f  f  T(k)v(k)v(k)(E(k)-EF)^-j^jd3k. 

(8) 

From  the  expressions  for  J  and  J q  ,  various  material  parameters 
such  as  the  electrical  conductivity,  thermal  conductivity  due  to 
electrons,  and  the  Seebeck  coefficient  can  be  calculated.  For  sim¬ 
plicity  we  assume  that  both  the  current  flow  and  the  temperature 
gradient  are  in  the  jc-direction: 

cr-Jxl(-V<t>/q)\vj=Q=q2L0  (9) 

S  =  (-V'l>/q)/VxT\jx=0=ELo-lLl  (10) 

Li'yLtf)  Li  \L  i 

*,=-W(-^>lv,=  TLo  •  (ID 

Rewriting  the  expressions  for  electrical  conductivity  and  the  ther¬ 
mopower  in  the  form  of  integrals  over  the  electron  energy  we  get 


where  we  introduced  the  “differentia!”  conductivity, 

<T(E)  =  cj2r(E)j  j  v2x(E,ky,kz)dkydkz=q2T(E)vl(E)D(E), 

J  (14) 

where  D(E)  is  the  density  of  states.  cr(E )  is  a  measure  of  the 
contribution  of  electrons  with  energy  E  to  the  total  conductivity. 
The  Fermi  “window”  factor  (  —  dfe({t dE)  is  a  bell-shape  function 
centered  at  E-Ej ,  having  a  width  of  ~kuT.  At  a  finite  tempera¬ 
ture  only  electrons  near  the  Fermi  surface  contribute  to  the  con¬ 
duction  process.  In  this  picture,  the  thermopower  is  the  “average” 
energy  transported  by  the  charge  carriers.  In  order  to  achieve  the 
best  thermoelectric  properties,  a  (£),  within  the  Fermi  window, 
should  be  as  big  as  possible,  and  at  the  same  time,  as  asymmetric 
as  possible  with  respect  to  the  Fermi  energy. 

The  thermal  conductivity  of  phonons  is  also  often  modeled 
from  the  Boltzmann  equation  under  the  relaxation  time  approxi¬ 
mation, 

f  C(a)vp(<o)A(to)dw,  (15) 

where  C  is  the  specific  heat  of  phonons  at  frequency  w,  vp  the 
phonon  group  velocity,  and  A  the  phonon  mean  free  path. 

The  above  formulation  for  the  thermoelectric  properties  leads  to 
the  following  possibilities  to  increase  ZT  and  thus  the  energy  con¬ 
version  efficiency  of  devices  made  of  nanostructures. 

1.  Interfaces  and  boundaries  of  nanostructures  impose  con¬ 
straints  on  the  electron  and  phonon  waves,  which  lead  to  a 
change  in  their  energy  states  and  correspondingly,  their  den¬ 
sity  of  states  and  group  velocity. 


2.  The  symmetry  of  the  differential  conductivity  with  respect  to 
the  Fermi  level  can  be  controlled  using  quantum  size  effects 
and  classical  interface  effects  (as  in  thermionic  emission). 

3.  The  phonon  thermal  conductivity  can  be  reduced  through 
interface  scattering  and  through  the  alteration  of  the  phonon 
spectrum  in  low-dimensional  structures. 

3  Nanostructures  for  Solid-State  Energy  Conversion 

The  transport  of  electrons  and  phonons  in  nanostructures  is  af¬ 
fected  by  the  presence  of  the  interfaces  and  surfaces.  Since  elec¬ 
trons  and  phonons  have  both  wave  and  particle  characteristics,  the 
transport  can  fall  into  two  different  regimes:  totally  coherent 
transport  in  which  electrons  or  phonons  must  be  treated  as  waves 
and  totally  incoherent  transport  in  which  either  or  both  of  them 
can  be  heated  as  particles.  There  is,  of  course,  the  intermediate 
regime  where  transport  is  partially  coherent — an  area  that  has  not 
been  studied  extensively.  Whether  a  group  of  carriers  are  coherent 
or  incoherent  depend  on  the  strength  of  phase  destroying  scatter¬ 
ing  events  (such  as  internal  or  diffuse  interface  scattering).  In  a 
nanostructure  with  no  phase-destroying  scattering  events,  a  mono¬ 
chromatic  wave  can  experience  many  coherent  scatterings  while 
preserving  the  phase.  The  coherent  superposition  of  the  incoming 
and  scattered  waves  leads  to  the  formation  of  new  energy  bands 
for  electrons  and/or  phonons.  For  example,  the  quantized  energy 
states  of  electrons  in  a  quantum  well  are  the  result  of  the  forma¬ 
tion  of  standing  waves  inside  the  structure.  The  standing  wave  can 
be  regarded  as  the  superposition  of  two  counter-propagating 
waves,  each  experiencing  phase  preserving  reflections  at  the  inter¬ 
faces.  On  the  other  hand,  if  there  is  a  strong  internal  scattering 
(which  can  be  judged  from  the  momentum  relaxation  time)  or  if 
the  interface  scattering  is  not  phase  preserving  (such  as  due  to 
diffuse  scattering),  no  new  energy  bands  form  and  the  energy 
states  of  the  carriers  in  such  a  structure  are  identical  to  these  in  its 
bulk  material.  Electron  transport  in  both  coherent  and  incoherent 
regimes  has  been  considered  and  potential  benefits  of  nanostruc¬ 
tures  for  the  power  factor  (S2a)  have  been  studied.  Similarly, 
phonon  heat  conduction  in  both  regimes  has  also  be  considered, 
although  most  studies  are  based  on  the  particle  approach.  We  will 
divide  the  discussion  into  roughly  three  categories:  (1)  improving 
the  electronic  power  factor  based  on  coherent  electron  states,  (2) 
improving  the  electronic  energy  conversion  based  on  interface 
filtering  for  incoherent  electrons,  (3)  improving  ZT  by  reducing 
the  phonon  thermal  conductivity. 

3.1  Electron  Energy  States  Engineering.  This  approach 
was  suggested  in  a  pioneering  work  by  Dresselhaus  and  co¬ 
workers  [5,6],  The  main  idea  is  that  energy  states  in  nanostruc¬ 
tures  are  very  different  from  those  in  macrostructures  due  to  the 
quantum  size  effects  on  electrons.  Figure  3  illustrates,  qualita¬ 
tively,  the  density  of  states  (DOS)  of  electrons  in  bulk  materials, 


Fig.  3  Schematic  illustration  of  the  density-of-states  of  elec¬ 
trons  in  bulk,  quantum  well,  quantum  wire,  and  quantum  dots 
materials. 
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QUANTUM  WELL  WIDTH  (A) 

Fig.  4  Product  of  the  Seebeck  coefficient  square  and  carrier 
density  as  a  function  of  the  silicon  quantum  well  width  [15] 


quantum  wells,  quantum  wires,  and  quantum  dots.  Examination  of 
Eq.  (13)  indicates  that  the  Seebeck  coefficient  is  large  when  the 
average  electron  energy  is  far  apart  from  the  Fermi  level.  In  semi¬ 
conductors,  a  large  Seebeck  coefficient  occurs  when  the  Fermi 
level  is  inside  the  band-gap.  A  Fermi  level  deep  inside  the  band- 
gap,  however,  leads  to  a  low  electrical  conductivity.  The  opti¬ 
mized  Fermi  level  usually  is  close  to  the  band  edge.  Because  the 
function  dfeq!dE  is  nonzero  only  in  an  energy  range  ~kBT  near 
the  Fermi  level,  the  higher  the  DOS  in  this  range,  the  larger  power 
factor  we  can  anticipate.  In  bulk  materials,  the  parabolic  shape  of 
the  DOS  means  that  the  electron  density  surrounding  the  Fermi 
level  is  small.  In  quantum  structures,  the  steps  and  the  spikes  in 
the  DOS  suggest  that  S2a  can  be  increased.  In  a  theoretical  study 
by  Mahan  and  Sofo  [14],  it  was  suggested  that  the  best  thermo¬ 
electric  materials  will  have  a  spike  like  DOS.  Quantum  dots  fit 
ideally  into  such  a  picture.  A  single  quantum  dot,  however,  is  not 
of  much  interest  for  building  into  useful  thermoelectric  devices 
(but  may  be  of  interest  to  create  localized  cooling  on  the  nanos¬ 
cale).  Thus  the  study  began  with  quantum  wells  (extremely  thin 
films)  and  quantum  wires  (extremely  small  wires).  Experimental 
results  for  transport  inside  PbTe  and  Si/SiGe  quantum  well  sys¬ 
tems  indicated  an  increase  of  ZT  inside  the  quantum  well,  as 
shown  in  Fig.  4  [15]. 

A  single  quantum  well,  however,  cannot  be  used  to  build  useful 
devices  because  the  film  is  too  thin  (typically  less  than  a  few 
hundreds  angstroms).  Multilayer  structures  were  therefore  used  in 
the  proof-of-concept  experiments.  For  multilayer  structures  such 
as  superlattices,  three  questions  were  raised  on  the  effectiveness 
of  the  quantum  confinement  approach  [16,17].  One  is  that  elec¬ 
trons  will  tunnel  through  the  barrier  layer  when  the  barriers  are 
very  thin.  The  second  argument  is  that  the  barrier  does  not  con¬ 
tribute  to  the  thermoelectric  transport  but  does  contribute  to  the 
reverse  heat  conduction.  And  finally,  there  is  also  concern  of  in¬ 
terface  scattering  of  electrons  in  narrow  wells.  A  possible  ap¬ 
proach  for  improving  performance  is  to  utilize  the  quantum  con¬ 
finement  effects  inside  both  the  quantum  well  and  the  barrier 
layer,  and  to  have  electrons  in  different  carrier  pockets  in  momen¬ 
tum  space  confined  in  different  regions  [18,19].  Additionally,  the 
thermal  conductivity  of  very  thin  superlattices  can  be  reduced  due 
to  interface  scattering — a  topic  we  will  discuss  later  on  [20].  A 
natural  extension  of  the  quantum  well  and  superlattice  theory  is  to 
quantum  wires.  Theoretical  studies  predict  a  large  enhancement  of 
ZT  inside  quantum  wires.  Experimentally,  different  quantum  wire 
deposition  methods  have  been  explored  [6]. 

The  experimental  results  that  are  inspired  by  the  theoretical 
studies  have  proven  to  be  impressive  and  unexpected  [21].  After 
the  proof-of-concept  demonstration  of  ZT  enhancement  in  two- 
dimensional  quantum  wells,  Harman's  group  showed  that 
quantum-dot  superlattices  have  a  significantly  higher  power  factor 
than  their  corresponding  bulk  materials  [22].  Using  a  thermal  con¬ 


ductivity  value  estimated  from  bulk  properties,  ZT  values  as  high 
as  two  have  been  reported.  At  this  stage,  no  models  exist  to  quan¬ 
titatively  explain  the  observed  increase  in  ZT. 

The  above-discussed  approaches  are  based  on  transport  perpen¬ 
dicular  to  the  confinement  directions,  i.e.,  along  the  film  plane  or 
wire  axis.  There  are  also  considerations  of  the  DOS  change  for 
electron  transport  perpendicular  to  the  film  plane  of  the  superlat¬ 
tices  [23,24].  These  calculations,  however,  do  not  show  a  signifi¬ 
cant  increase  of  the  electronic  power  factor  along  these  directions 
and  suggest  that  the  thermal  conductivity  reduction  may  be  a  more 
beneficial  factor  to  explore  along  this  transport  direction. 

Research  for  improving  ZT  using  quantum  confinement  of  elec¬ 
trons  raises  several  interesting  questions  related  to  heat  transfer 
[20].  First,  the  thermal  conductivity  along  the  film  plane  and  wire 
axis  should  be  reduced  due  to  phonon  interface  scattering.  We  will 
discuss  more  about  this  point  later.  Second,  the  parasitic  thermal 
conductivity  in  the  barrier  layer  is  still  a  concern  for  certain  quan¬ 
tum  structures  that  do  not  utilize  the  barrier  region  for  electron 
transport.  For  example,  nanowires  can  be  deposited  in  an  anod¬ 
ized  alumina  matrix  with  nanometer  scale  channels.  Although  the 
thermal  conductivity  of  the  anodized  alumina  is  relatively  small,  it 
is  not  negligible,  and  further  reduction  of  the  parasitic  heat  con¬ 
duction  path  through  such  a  matrix  should  be  considered  [25]. 
Another  very  interesting  yet  little  explored  aspect  is  the  transport 
processes  in  the  synthesis  of  nanowires.  Several  different  methods 
have  been  explored,  including  pressure  injection  of  molten  bis¬ 
muth  into  the  template  [26],  physical  vapor  deposition  [27],  and 
electrodeposition  [28].  Heat  and  mass  transport  inside  these 
nanoscale  channels  could  be  very  different  than  that  in  bulk  chan¬ 
nels.  So  far,  these  techniques  are  developed  only  through  trial- 
and-error.  It  is  generally  found  that  smaller  diameter  channels  are 
more  difficult  to  fill,  leading  to  partial  filling  or  discontinuous 
wires.  Systematic  studies  of  the  transport  processes  will  help  with 
the  optimization  of  the  deposition  conditions. 

3.2  Heterostructure  Integrated  Thermionic  Refrigeration. 
Thermionic  energy  conversion  is  based  on  the  idea  that  a  high 
work  function  cathode  in  contact  with  a  heat  source  will  emit 
electrons  [29].  These  electrons  are  absorbed  by  a  cold,  low  work 
function  anode,  and  they  can  flow  back  to  the  cathode  through  an 
external  load  where  they  do  useful  work.  Practical  vacuum  ther¬ 
mionic  generators  are  limited  by  the  work  function  of  available 
metals  or  other  materials  that  are  used  for  cathodes.  Another  im¬ 
portant  limitation  is  the  space  charge  effect.  The  presence  of 
charged  electrons  in  the  space  between  the  cathode  and  anode  will 
create  an  extra  potential  barrier  between  the  cathode  and  anode, 
which  reduces  the  thermionic  current.  The  materials  currently 
used  for  cathodes  have  work  functions  >0.7  eV,  which  limits  the 
generator  applications  to  high  temperatures  >500  K.  Mahan  [30] 
proposed  these  vacuum  diodes  for  thermionic  refrigeration.  Basi¬ 
cally,  the  same  vacuum  diodes  which  are  used  for  generators  will 
work  as  a  cooler  on  the  cathode  side  and  a  heat  pump  on  the 
anode  side  under  an  applied  bias.  Mahan  predicted  efficiencies  of 
over  80  percent  of  the  Carnot  value,  but  still  these  refrigerators 
only  work  at  high  temperatures  (>500  K).  In  the  following,  we 
will  see  that  heterostructures  have  a  potential  to  achieve  thermi¬ 
onic  refrigeration  at  room  temperature  [7,31-33].  Vacuum  thermi¬ 
onic  refrigeration  based  on  resonant  tunneling  through  triangular 
wells  and  small  gaps  in  vacuum  has  been  proposed  recently 
[34,35].  Theoretical  calculations  predict  operation  at  room  tem¬ 
perature  and  below  with  a  cooling  power  density  of  100  W/cm2. 
Net  cooling  based  on  such  vacuum  thermionic  coolers  has  yet  to 
be  confirmed  experimentally. 

Using  various  material  systems  one  can  produce  different  bar¬ 
rier  heights  in  the  anode  and  in  the  cathode  (typically  0  to  0.4  eV). 
This  is  determined  by  the  band-edge  discontinuity  between  het¬ 
erolayers.  The  heterostructure  integrated  thermionic  coolers  (HIT) 
in  Fig.  5  could  operate  in  two  modes.  In  the  nonlinear  regime, 
electron  transport  is  dominated  by  the  supply  of  electrons  in  the 
cathode  layer.  Since  only  hot  electrons  (with  energy  greater  than 


Journal  of  Heat  Transfer 


APRIL  2002,  Vol.  124  /  245 


Cathode  Barrier  Anode 

* 


e 


Fig.  5  Heterostructure  thermionic  emission  for  cooling  at 
room  temperatures. 


Ef )  are  emitted  above  the  barrier,  electron-electron  and  electron- 
phonon  interactions  try  to  restore  the  quasi  Fermi  distributions  in 
the  cathode  layer  by  absorbing  heat  from  the  lattice,  thus  cooling 
the  layer.  This  heat  is  deposited  on  the  anode  side.  Theoretical 
estimates  by  Shakouri  and  co-workers  [7,32]  show  that  there  is  an 
optimal  barrier  width  of  the  order  of  a  few  electron  energy  relax¬ 
ation  lengths  and  an  optimum  barrier  height  of  the  order  of  kBT> 
and  that  such  heterostructure  coolers  can  provide  20-30°C  cool¬ 
ing  with  KW/cm2  cooling  density.  Since  the  operating  currents  for 
the  device  is  very  high  ( 105  A/cm2),  non-ideal  effects  such  as  the 
Joule  heating  at  the  metal-semiconductor  contact  resistance,  and 
the  reverse  heat  conduction  have  limited  the  experimental  cooling 
results  to  <1°C.  There  is  another  regime  of  operation  in  which 
electron  transport  is  dominated  by  the  barrier  structure.  A  super¬ 
lattice  is  chosen  so  that  hot  electrons  move  easily  in  the  materials, 
but  the  movement  of  cold  electrons  is  more  restricted.  In  this  case, 
there  will  be  also  net  cooling  in  the  cathode  layer  and  heating  in 
the  anode  layer.  Shakouri  et  al.  [36]  noted  that  a  small  barrier 
height  on  the  order  of  kBT  does  not  give  much  improvement  over 
bulk  thermoelectric  materials,  and  suggested  tall  barriers  and  high 
doping  densities  to  achieve  a  large  number  of  electrons  moving  in 
the  material.  To  have  a  good  HIT  cooler,  the  barrier  material 
should  simply  have  an  adequate  electrical  conductivity  and  a  low 
thermal  conductivity,  making  ternary  and  quaternary  semiconduc¬ 
tors  good  candidates. 

On  the  experimental  side,  Shakouri  and  co-workers  have  fabri¬ 
cated  thin- film  thermoelectric  coolers  based  on  single  heterojunc¬ 
tion  structures  [37]  and  superlattice  structures  [38-42].  The 
SiGe/Si  supcrlattice  micro  coolers  can  be  monolithically  inte¬ 
grated  with  Si-based  microelectronic  devices  to  achieve  localized 
cooling  and  temperature  control.  Cooling  by  as  much  as  4.2  K  at 
25°C  and  12  K  at  200°C  was  measured  on  3  /im  thick,  60 
X60/im2  devices.  This  corresponds  to  maximum  cooling  power 
densities  approaching  kW/cm  .  The  micro  cooler  structure  is 
based  on  cross-plane  electrical  transport.  The  main  part  of  the 
cooler  is  a  3  strain-compensated  SiGe/Si  superlatlice.  It  con¬ 
sists  of  200  periods  of  (12  nmSi0  75Ge025/3  nmSi),  doped  with 
boron  to  about  6  X  1019  cm-3.  The  Si075Ge0 25 /Si  superlattice  has 
a  valence  band  offset  of  about  0.16  eV,  and  hot  holes  going  over 
this  barrier  can  produce  thermionic  cooling.  This  superlattice  was 
grown  using  molecular  beam  epitaxy  (MBE).  Its  average  lattice 
constant  is  that  of  Si08Ge02 ,  and  a  buffer  layer  is  required  for  it  to 
be  grown  on  a  Si  substrate.  To  reduce  the  material  growth  time  in 
the  MBE  system,  the  buffer  layer  was  grown  on  a  p+  (001)  Si 


(b) 


Fig.  6  (a)  TEM  Image  of  the  SiGe/Si  superlattice  (the  dark 
parts  are  the  12  nm  Si0.75Ge0.25  layers,  the  light  parts  are  the  3 
nm  SI  layers),  and  ( b )  a  scanning  electron  micrograph  of  a  fab¬ 
ricated  micro  refrigerator 


substrate  by  chemical  vapor  deposition  (CVD)  in  the  form  of  a 
graded  SiGe  structure.  The  boron  doping  in  the  buffer  layer  is  5 
X10l9cm“3.  Following  the  superlattice  growth,  a  0.3  /zm 
Si0.8Geo2  cap  layer  was  grown  with  a  boron  doping  level  of  2 
X1020  cm~3  to  get  a  good  ohmic  contact  to  the  device.  Figure  6 
shows  a  cross-section  transmission  electron  microscopy  (TEM) 
image  of  the  MBE-grown  SiGe/Si  superlattice,  and  also  a  scan¬ 
ning  electron  micrograph  of  a  micro  cooler  device.  Figure  7  dis¬ 
plays  the  measured  cooling  on  60x60/xm2  superlattice  cooler 
and  a  Si  cooler  at  the  heat  sink  temperature  of  25°C.  Figure  8 
shows  the  temperature  profile  at  a  current  of  —400  mA.  One 
notices  localized  and  uniform  cooling  on  top  of  the  micro  refrig- 


Fig.  7  Cooling  measured  on  60X60  fi m2  SIGe/Si  superlattice 
coolers  and  on  Si  coolers  at  the  heat  sink  temperature  of  25°C 
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Fig.  8  Temperature  distribution  on  top  of  a  40X40  micron 
square  SiGe  thin  film  cooler  measured  using  thermoreflectance 
imaging.  The  applied  current  is  —400  mA. 


erator  as  well  as  Joule  heating  near  the  probe  on  the  side  contact. 
With  the  use  of  a  resistive  heat  load  on  top  of  the  micro  refrigera¬ 
tor,  cooling  power  densities  exceeding  500  W/cm2  have  been 
demonstrated  [43]. 

Electron  and  phonon  transport  perpendicular  to  interfaces  raise 
interesting  heat  transfer  and  energy  conversion  issues.  One  ex¬ 
ample  is  where  heat  is  generated.  Joule  healing  is  often  treated  as 
a  uniform  volumetric  heat  generation.  In  heterostructures,  the  en¬ 
ergy  relaxation  from  electrons  to  phonons  occurs  over  a  distance 
comparable  to  the  film  thickness,  and  heat  generation  is  no  longer 
uniform.  For  single  layer  devices,  this  could  benefit  the  device 
efficiency  in  principle  [32,44].  Such  non-uniform  heat  generation 
is  a  type  of  hot  electron  effect  that  has  been  studied  in  electronics 
[45],  and  has  also  be  discussed  quite  extensively  in  the  literature 
in  the  context  of  ultrafast  laser-matter  interactions  [46].  Another 
example  is  the  concurrent  consideration  of  ballistic  electron  trans¬ 
port  and  ballistic  phonon  transport,  coupled  with  nonequilibrium 
electron-phonon  interaction.  Zeng  and  Chen  [47]  started  from  the 
Boltzmann  equations  for  electrons  and  phonons  and  obtained  ap¬ 
proximate  solutions  for  the  electron  and  phonon  temperature  dis¬ 
tributions  in  heterostructures,  as  shown  in  Fig.  9.  In  this  case,  both 
electron  and  phonon  temperatures  show  a  discontinuity  at  the  in¬ 
terface.  The  phonon  temperature  discontinuity  is  the  familiar  ther¬ 
mal  boundary  resistance  phenomenon.  Zeng  and  Chen  concluded 


that  in  the  nonlinear  transport  regime,  it  is  the  electron  tempera¬ 
ture  discontinuity  at  the  interface  that  determines  the  thermionic 
effect  and  the  electron  temperature  gradient  inside  the  film  that 
determines  the  thermoelectric  effect.  Similar  calculations  by 
Vashaee  and  Shakouri  [48]  showed  the  importance  of  the  electron- 
phonon  coupling  coefficient  in  the  optimization  of  HIT  coolers. 

3.3  Phonon  Thermal  Conductivity  Reduction  Approach. 
Although  phonons  do  not  contribute  directly  to  the  energy  con¬ 
version,  the  reduction  of  their  contribution  to  the  thermal  conduc¬ 
tivity  is  a  central  issue  in  thermoelectrics  research.  Several  signifi¬ 
cant  increases  in  the  ZT  of  bulk  materials  were  due  to  the 
introduction  of  thermal  conductivity  reduction  strategies,  such  as 
the  alloying  [3]  and  phonon  rattler  concepts  [49].  Size  effects  on 
phonon  transport  have  long  been  established  since  the  pioneering 
work  by  Casimir  [50]  at  low-temperatures.  Since  the  1980s,  the 
thermal  conductivity  reduction  in  thin  films  has  drawn  increasing 
attention.  Naturally,  the  phonon  thermal  conductivity  reduction  in 
nanostructures  has  been  considered  as  beneficial  and  even  as  a 
dominant  approach  to  enhance  ZT  values. 

One  proposed  approach  is  to  use  the  thermal  conductivity  in  the 
direction  perpendicular  to  the  superlattice  film  plane,  or  the  cross¬ 
plane  direction,  while  maintaining  a  low  electronic  band-edge  off¬ 
set,  ideally  no  offset  at  all  [9].  This  would  allow  the  electron 
transport  across  the  interfaces  without  much  scattering,  while 
phonons  would  be  scattered  at  the  interfaces  [51].  Some  early 
experimental  data  [52,53]  indicate  that  the  thermal  conductivity  of 
superlattices  could  be  significantly  reduced,  especially  in  the 
cross-plane  direction.  Tien  and  Chen  [54]  suggested  the  possibil¬ 
ity  of  making  super  thermal  insulators  out  of  superlattices.  Exten¬ 
sive  experimental  data  on  the  thermal  conductivity  of  various  su¬ 
perlattices  have  been  reported  in  recent  years  [51-65],  mostly  in 
the  cross-plane  direction.  Following  such  a  strategy,  Venkata- 
subramanian’s  group  has  reported  Bi2Te3 /Se2Te3  superlattices 
with  ZT  values  between  2-3  at  room  temperature.  Although  these 
results  need  to  be  confirmed  due  to  the  difficulty  with  the  mea¬ 
surements,  the  reported  data  so  far  seem  to  support  such  claims 
and  demonstrate  that  the  thermal  conductivity  reduction  is  a  very 
effective  approach  [9]. 

The  mechanisms  responsible  for  thermal  conductivity  reduction 
in  low-dimensional  structures  thus  have  become  a  topic  of  con¬ 
siderable  debate  over  the  last  few  years.  There  have  been  many 
studies  of  the  phonon  spectrum  and  transport  in  superlattices  since 
the  original  work  by  Narayanamurti  et  al.  [66],  but  these  works 
were  focused  on  the  phonon  modes  rather  than  on  heat  conduc¬ 
tion,  The  first  theoretical  modeling  predicted  a  small  reduction  of 
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Fig.  9  Distribution  of  (a)  Fermi  level  and  (b)  electron  and  phonon  temperature  inside  double  heterojunction 
structures.  The  dimensionless  coordinate  is  normalized  to  the  film  thickness.  %h  is  the  electron  or  phonon 
mean  free  path  divided  by  the  film  thickness,  nd  the  carrier  concentration  and  (f>b  the  barrier  height. 
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the  superlattice  thermal  conductivity  [67]  due  to  the  formation  of 
minigaps  or  stop  bands.  This  predicted  reduction,  however,  was 
loo  small  compared  to  experiment  results  in  recent  years.  Two 
major  theoretical  approaches  were  developed  in  the  1990s  to  ex¬ 
plain  the  experimental  results.  One  is  based  on  solving  the  Bolt¬ 
zmann  equation  with  the  interfaces  of  the  superlattice  treated  as 
boundary  conditions  [68-71].  The  other  is  based  on  lattice  dy¬ 
namics  calculation  of  the  phonon  spectrum  and  the  corresponding 
change  in  the  phonon  group  velocity  [72-76].  More  recently, 
there  are  also  efforts  to  use  molecular  dynamics  to  simulate  the 
thermal  conductivity  of  superlattices  directly  [77,78]. 

Similar  to  the  electron  transport  in  superlattice  structures,  there 
could  be  several  different  regimes  of  phonon  transport:  the  totally 
coherent  regime,  the  totally  incoherent  regime,  and  the  partially 
coherent  regime.  The  lattice  dynamics  lies  in  the  totally  coherence 
regime.  Such  approaches  are  based  on  the  harmonic  force  inter¬ 
action  assumption  and  thus  do  not  consider  anharmonic  effects.  A 
bulk  relaxation  time  is  often  assumed.  The  main  results  out  of  the 
lattice  dynamics  models  is  that  the  phonon  group  velocity  reduc¬ 
tion  caused  by  the  spectrum  change  can  lower  the  thermal  con¬ 
ductivity  by  a  factor  of  — 7—10  at  room  temperature  for  Si/Ge 
superlatlices,  and  by  a  factor  of  3  for  Ga  As/A  I  As  superlattices. 
Although  it  can  be  claimed  that  the  predicted  reduction  in  Si/Ge 
system  is  of  the  order  of  magnitude  that  is  experimentally  ob¬ 
served,  the  prediction  clearly  cannot  explain  the  experimental  re¬ 
sults  for  GaAs/AlAs  superlattices.  The  lattice  dynamics  model 
also  showed  that  when  the  layers  are  1-3  atomic-layers  thick, 
there  is  a  recovery  of  the  thermal  conductivity.  The  acoustic  wave 
based  model  [79],  which  treats  the  superlattices  as  an  inhomoge¬ 
neous  medium,  shows  a  similar  trend.  It  reveals  that  the  thermal 
conductivity  recovery  is  due  to  phonon  tunneling  and  that  the 
major  source  of  the  computed  thermal  conductivity  reduction  in 
the  lattice  dynamics  model  is  the  total  internal  reflection,  which  in 
the  phonon  spectrum  representation,  causes  a  group  velocity  re¬ 
duction.  For  experimental  results  so  far,  the  explanation  of  the 
thermal  conductivity  reduction  based  on  the  group  velocity  reduc¬ 
tion  has  not  been  satisfactory  even  for  the  cross-plane  direction. 
For  the  in-plane  direction,  the  group  velocity  reduction  alone 
leads  to  only  a  small  reduction  in  thermal  conductivity  [76],  and 
cannot  explain  the  experimental  data  on  GaAs/AlAs  and  Si/Ge 
superlattices  [52,55,65].  There  is  a  possibility  that  the  change  in 
the  phonon  spectrum  creates  a  change  in  the  relaxation  time  [80] 
but  such  a  mechanism  is  unlikely  to  explain  the  experimental 
results  for  relatively  thick-period  superlattices  since  the  density  of 
states  does  not  change  in  these  structures  [76], 

Boltzmann  equation-based  models  that  treat  phonons  as  par¬ 
ticles  transporting  heat  in  inhomogeneous  layers  lie  in  the  totally 
incoherent  regime  [68,71].  Theoretical  calculations  have  been  able 
to  explain  quantitatively  the  experimental  data.  The  models  are 
based  on  the  solution  of  the  Boltzmann  equation  using  the  relax¬ 
ation  time  in  the  bulk  materials  for  each  layer.  Phonon  reflection 
and  transmission  at  the  interfaces  are  modeled  based  on  past  stud¬ 
ies  of  the  thermal  boundary  resistance.  Compared  to  the  lattice 
dynamics  and  acoustic  waves  models,  the  particle  model  allows 
the  incorporation  of  diffuse  interface  scattering  of  phonons.  In  the 
models  presented  so  far,  the  contribution  of  diffuse  scattering  has 
been  left  as  a  fitting  parameter.  In  Fig.  10,  we  show  the  experi¬ 
mental  in-plane  and  cross-plane  thermal  conductivity  of  a  Si/Ge 
superlattice,  together  with  simulation  results  based  on  the  Boltz¬ 
mann  equation.  One  argument  for  the  validity  of  the  particle 
model  is  that  thermal  phonons  have  a  short  thermal  wavelength, 
which  is  a  measure  of  the  coherence  properties  of  broadband 
phonons  inside  the  solid  [68].  It  is  more  likely,  however,  that  the 
diffuse  interface  scattering,  if  it  indeed  happens  as  models  sug¬ 
gested,  destroys  the  coherence  of  monochromatic  phonons  and 
thus  prevents  the  formation  the  superlattice  phonon  modes.  The 
particle-based  modeling  can  capture  the  effects  of  total  internal 
reflection,  which  is  partially  responsible  for  the  large  group  veloc¬ 
ity  reduction  under  the  lattice  dynamics  models.  Approximate 
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Fig.  10  Anisotropic  thermal  conductivity  of  the  strained  Si/Ge 
(20  A  /20  A)  supertattice:  experimental  data  were  fitted  using 
Chen’s  models  [68,71].  Also  shown  in  the  figure  are  compari¬ 
sons  of  experimental  data  experimental  data  with  predictions 
of  Fourier  theory  based  on  bulk  properties  of  each  layer,  and 
with  compositionally  equivalent  alloy  (300K)  [65]. 


methods  to  incorporate  phonon  confinement  or  inelastic  boundary 
scattering  are  also  proposed.  From  the  existing  modeling,  it  can  be 
concluded  that  for  heat  flow  parallel  to  the  interfaces,  diffuse  in¬ 
terface  scattering  is  the  key  factor  causing  the  thermal  conductiv¬ 
ity  reduction.  For  the  case  of  heat  conduction  perpendicular  to  the 
interfaces,  phonon  reflection,  confinement,  as  well  as  diffuse  scat¬ 
tering  can  greatly  reduce  the  heat  transfer  and  thermal  conductiv¬ 
ity.  The  larger  the  reflection  coefficient,  the  larger  is  the  thermal 
conductivity  reduction  in  the  cross-plane  direction. 

A  key  unsolved  issue  is  what  are  the  actual  mechanisms  of 
phonon  scattering  at  the  interfaces,  particularly  what  causes  the 
diffuse  phonon  scattering.  Phonon  scattering  has  been  studied 
quite  extensively  in  the  past  in  the  context  of  thermal  boundary 
resistance.  Superlattice  structures  that  are  grown  by  epitaxy  tech¬ 
niques  usually  have  better  interface  morphology  than  the  other 
types  of  interfaces  studied  previously.  Even  for  the  best  material 
system  such  as  GaAs/AlAs,  however,  the  interfaces  are  not  per¬ 
fect.  There  is  interface  mixing  and  there  are  also  regions  with 
monolayer  thickness  variation.  These  are  naturally  considered  as 
potential  sources  of  diffuse  interface  scattering  for  which  a  sim¬ 
plified  model  was  developed  by  Ziman  [82].  Another  possibility  is 
the  anharmonic  force  between  the  atoms  in  two  adjacent  layers. 
Boltzmann  equation-based  modeling  assumes  a  constant  param¬ 
eter  p  to  represent  the  fraction  of  phonons  specularly  scattered.  Ju 
and  Goodson  [81]  used  an  approximate  frequency-dependent  ex¬ 
pression  for  p  given  by  Ziman  [82]  in  the  interpretation  of  the 
thermal  conductivity  of  single  layer  silicon  films.  Chen  [71]  also 
argued  that  inelastic  scattering  occurring  at  interfaces  can  provide 
a  path  for  the  escape  of  confined  phonons.  A  promising  approach 
to  resolve  this  issue  is  molecular  dynamics  simulation  [77,78].  In 
addition  to  the  interface  scattering  mechanisms,  there  are  also 
several  other  unanswered  questions.  For  example,  experimental 
data  of  Venkatasubrmanian  seems  to  indicate  a  butterfly-shaped 
thermal  conductivity  curve  as  a  function  of  thickness  [9,83]. 
Quantitative  modeling  of  the  stress  and  dislocation  effects  also 
needs  to  be  further  refined. 

Since  the  lattice  dynamics  and  the  particle  models  present  the 
totally  coherent  and  totally  incoherent  regimes,  a  theoretical  ap¬ 
proach  that  can  include  both  effects  should  be  sought.  Simkin  and 
Mahan  [84]  proposed  a  new  lattice  dynamics  model  by  the  intro¬ 
duction  of  an  imaginary  wavevector  that  is  related  to  the  mean 
free  path.  This  approach  leads  to  the  prediction  of  a  minimum  in 
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the  thermal  conductivity  value  as  a  function  of  the  superlattice 
period  thickness.  For  thicknesses  larger  than  the  minimum,  the 
thermal  conductivity  increases  with  thickness  and  eventually  ap¬ 
proaches  the  bulk  values.  For  thicknesses  thinner  than  the  mini¬ 
mum,  the  thermal  conductivity  recovers  to  a  higher  value.  How¬ 
ever,  it  should  be  pointed  out  that  the  imaginary  wavevector 
represents  an  absorption  process,  not  exactly  a  scattering  process, 
as  is  clear  in  the  meaning  of  the  extinction  coefficient  of  the 
optical  constants.  It  will  be  interesting  to  see  whether  such  an 
approach  can  explain  the  experimental  observed  trends  of  thermal 
conductivity  reduction  along  the  in-plane  direction. 

Aside  from  superlattices  and  thin  films,  other  low-dimensional 
structures  such  as  quantum  wires  and  quantum  dots  are  also  being 
considered  for  thermoelectric  applications.  There  are  a  few  experi¬ 
mental  and  theoretical  studies  on  the  thermal  conductivity  of 
quantum  dot  arrays  and  nanostructured  porous  medium  [85,86]. 
Theoretically,  one  can  expect  a  larger  thermal  conductivity  reduc¬ 
tion  in  quantum  wires  compared  to  thin  films  [87,88].  The  mea¬ 
surements  of  the  thermal  conductivity  in  quantum  wires  have  been 
challenging.  Recent  measurements  on  the  thermal  conductivity  of 
carbon  nanotubes  provide  possible  approach  for  measurements  on 
nanowires  for  thermoelectric  applications  [89].  Nanowires  for 
thermoelectric  applications,  however,  usually  have  a  low  thermal 
conductivity,  which  may  need  different  characterization  tech¬ 
niques. 

4  Characterization 

The  characterization  of  thermoelectric  properties  has  turned  out 
to  be  the  most  challenging  issue  for  the  development  of 
nanostructure-based  thermoelectric  materials.  First,  the  thermal 
conductivity  measurements  for  even  bulk  materials  are  not  easy. 
For  thin  films,  these  measurements  become  even  more  difficult. 
Even  the  normally  easier  measurements  in  bulk  materials,  such  as 
for  the  electrical  conductivity  and  the  Secbeck  coefficient,  can  be 
complicated  due  to  the  small  thickness  of  the  film  and  the  contri¬ 
butions  from  the  substrate. 

It  is  generally  recognized  that  the  thermal  conductivity  is  the 
most  difficult  parameter  to  measure.  Fortunately,  thin  film  thermal 
conductivity  measurements  have  drawn  considerable  attention 
over  the  past  two  decades  and  different  methods  have  been  devel¬ 
oped.  One  popular  method  to  measure  the  thermal  conductivity  of 
thin  films  is  the  3<j  method  [90,91].  For  thermoelectric  thin  films 
such  as  superlattices,  there  are  several  complications.  For  ex¬ 
ample,  thermoelectric  films  are  semiconductors  and  thus  an  insu¬ 
lating  film  is  required  between  the  heater  and  the  film.  The  super¬ 
lattice  thermal  conductivity  is  highly  anisotropic.  The  3cu  method 
is  typically  applied  to  measure  the  cross-plane  thermal  conductiv¬ 
ity  by  ensuring  that  the  heater  width  is  much  larger  than  the  film 
thickness.  Often,  an  additional  buffer  layer  exists  between  the  film 
and  the  substrate.  For  Si/Ge,  the  buffer  is  graded  and  thus  has  a 
continuously  varying  thermal  conductivity  profile.  In  applying  the 
3w  method,  there  is  also  the  contrast  factor  that  must  be  consid¬ 
ered  between  the  film  and  the  substrate.  When  the  film  and  the 
substrate  have  close  properties,  more  complicated  modeling  is 
needed.  By  careful  modeling  and  experimental  design,  the  3w 
method  can  be  applied  to  a  wide  range  of  thin  films  for  measuring 
the  thermal  conductivity  in  both  in-plane  and  cross-plane  direc¬ 
tions  [92].  Other  methods  such  as  ac  calorimetry,  photothermal 
and  pump-and-probe  methods  have  also  been  used  to  measure  the 
thermal  diffusivity  of  superlattices.  References  [10],  [93-96]  pro¬ 
vide  detailed  reviews  of  existing  methods.  By  assuming  that  the 
specific  heat  does  not  change  much,  which  is  usually  a  valid  as¬ 
sumption,  the  thermal  conductivity  of  the  structures  can  be  calcu¬ 
lated  from  the  measured  diffusivity. 

Although  the  measurement  of  the  electrical  conductivity  and 
Seebeck  coefficient  is  considered  relatively  straight-forward  for 
bulk  materials,  it  has  turned  out  to  be  much  more  complicated  for 
thin  films.  For  transport  along  the  thin  film  plane,  the  complica¬ 
tions  arise  from  the  fact  that  most  thin  films  are  deposited  on 


semiconductor  substrates  and  the  thermoelectric  effect  of  the  sub¬ 
strates  can  overwhelm  that  of  the  films.  To  circumvent  these  dif¬ 
ficulties,  several  approaches  have  been  taken,  such  as  removing 
the  substrate  or  growing  the  film  on  insulating  layers.  For  ex¬ 
ample,  Si/Ge  superlattices  are  grown  on  silicon-on-insulator  struc¬ 
tures.  Even  with  these  precautions,  there  are  still  complications 
such  as  the  existence  of  the  buffer.  Thus,  differential  measure¬ 
ments  are  sometimes  used  to  subtract  the  influence  of  the  buffer 
layer.  For  transport  in  the  cross-plane  direction,  measurements  of 
the  electrical  conductivity  and  Seebeck  effect  become  much  more 
difficult  because  the  films  are  usually  very  thin.  The  recently  re¬ 
ported  ZT  values  between  2-3  for  Bi2Te3/Se2Te3  superlattices 
were  obtained  using  the  transient  Harman  method  [9].  Although 
the  method  is  well  established  for  bulk  materials,  the  application 
to  thin  film  structures  requires  careful  consideration  of  various 
heat  losses  and  heat  generation  through  the  leads.  This  is  a  topic 
that  has  yet  to  be  fully  addressed.  In  addition,  the  transient  Har¬ 
man  method  gives  ZT  rather  than  individual  thermoelectric  prop¬ 
erties  such  as  the  Seebeck  coefficient.  A  comparative  method  was 
recently  developed  to  measure  the  Seebeck  coefficient  in  the 
cross-plane  direction  of  the  superlattices  [97]. 

5  Micro  Devices  and  Potential  Applications 

Although  thermoelectric  coolers  and  power  generators  are  in¬ 
trinsically  smaller  than  conventional  coolers  and  power  genera¬ 
tors,  on  the  order  of  a  few  millimeters  to  centimeters,  there  are 
major  efforts  to  develop  microscale  thermoelectric  devices  for 
several  reasons.  (I)  Monolithic  integration  is  desirable  for  the 
cooling  and  temperature  stabilization  of  electronic  and  phononic 
devices.  (2)  Heat  flux  that  can  be  handled  by  coolers  increases  as 
the  device  thickness  decreases.  Of  course,  smaller  device  sizes  are 
attractive  for  their  weight  and  volume.  Several  types  of  thermo¬ 
electric  microdevices  are  being  developed.  Figures  7  and  8  show 
device  performance  based  on  Si/Ge  superlattices  with  transport  in 
the  cross-plane  direction.  Another  approach  is  to  use  electrodepos- 
ited  films  [98]  to  make  microdevices.  Efforts  exist  in  using  micro¬ 
machining  of  bulk  thermoelectric  materials  to  make  microdevices 
[99,100].  Devices  based  on  transport  along  the  film  plane  are  also 
being  pursued,  for  applications  in  detectors  and  power  sources 
[101,102]. 

As  the  device  length  becomes  smaller,  several  degradation  fac¬ 
tors  become  important  and  must  be  addressed.  These  include  (1) 
the  electrical  contact  resistance,  (2)  thermal  contact  resistance,  (3) 
heat  sink  thermal  resistance  in  both  the  hot  and  the  cold  sides,  and 
(4)  additional  heat  leaks  caused  by  contacts.  For  transport  perpen¬ 
dicular  to  the  film  plane,  the  most  important  issues  are  the  elec¬ 
trical  contact  resistance,  the  thermal  boundary  resistance  and  the 
spreading  resistance  in  the  hot  and  the  cold  regions.  For  transport 
along  the  film  plane,  heat  leakage  through  the  support  layers  nor¬ 
mally  requires  the  removal  of  the  substrate.  Even  without  a  sub¬ 
strate,  the  heat  leakage  through  the  supporting  membrane  and  the 
buffer  layers  can  significantly  degrade  the  device  performance, 
particularly  when  the  thermoelectric  film  is  very  thin. 

5,1  Applications.  Thermoelectric  microdevices  have  some 
immediate  applications.  If  the  reported  ZT  is  further  confirmed 
and  enhanced,  the  applications  will  undoubtly  expand  into  many 
areas.  Here,  we  will  discuss  a  number  of  potential  applications: 
(1)  temperature  stabilization,  (2)  high  cooling  density  spot  cool¬ 
ing,  and  (3)  micropower  generation. 

Temperature  stabilization  is  very  important  for  optoelectronic 
devices  such  as  laser  sources,  switching/routing  elements,  and  de¬ 
tectors.  They  require  careful  control  over  their  operating  tempera¬ 
ture.  This  is  especially  true  in  current  high  speed  and  wavelength 
division  multiplexed  (WDM)  optical  communication  networks. 
Long  haul  optical  transmission  systems  operating  around  1.55  /*m 
wavelength  typically  use  erbium-doped  fiber  amplifiers  (EDFA’s), 
and  are  restricted  in  the  wavelengths  they  can  use  due  to  the  finite 
bandwidth  of  these  amplifiers.  As  more  channels  are  packed  into 
this  wavelength  window,  the  spacing  between  adjacent  channels 
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becomes  smaller  and  wavelength  drift  becomes  very  important. 
Temperature  variations  arc  the  primary  causa  for  the  wavelength 
drift,  and  they  also  affect  the  threshold  current  and  output  power 
in  laser  sources.  Most  stable  sources  such  as  distributed  feedback 
(DFB)  lasers  and  vertical  cavity  surface  emitting  lasers  (VCSEL’s) 
can  generate  large  heat  power  densities  on  the  order  of  kW/cm2 
over  areas  as  small  as  100  /mi2  [103,104].  The  output  power  for  a 
typical  DFB  laser  changes  by  approximately  0.4  dB/°C.  Typical 
temperature-dependent  wavelength  shifts  for  these  laser  sources 
are  on  the  order  of  0.1  nm/°C  [105].  Therefore,  a  temperature 
change  of  only  a  few  degrees  in  a  WDM  system  with  a  channel 
spacing  of  0.2^0.4  nm  would  be  enough  to  switch  data  from  one 
channel  to  the  adjacent  one,  and  even  less  of  a  temperature  change 
could  dramatically  increase  the  crosstalk  between  two  channels. 
Temperature  stabilization  or  refrigeration  is  commonly  performed 
with  conventional  thermoelectric  (TE)  coolers.  However  since 
their  integration  with  optoelectronic  devices  is  difficult  [103,106], 
component  cost  is  greatly  increased  because  of  packaging.  The 
reliability  and  lifetime  of  packaged  modules  are  also  usually  lim¬ 
ited  by  their  TE  coolers  [107].  Microdevices  monolithically  inte¬ 
grated  with  the  functioning  optoelectronic  devices  have  advan¬ 
tages  over  separate  devices  in  terms  of  their  response  time,  size, 
and  costs. 

Many  electronic  and  optoelectronic  devices  dissipate  high  heat 
flux.  Conventional  thermoelectric  devices  cannot  handle  large 
heat  flux.  With  reduced  leg  length,  the  cooling  heat  flux  of  ther¬ 
moelectric  devices  increases,  thus  providing  the  opportunity  to 
handle  high  heat  flux  devices.  It  should  be  remembered,  however, 
that  more  heat  flux  must  be  rejected  at  the  hot  side  and  must  be 
removed  using  conventional  heat  transfer  technologies  such  as 
heat  pipes  and  high  thermal  conductivity  heat  spreaders.  The  ac¬ 
tive  cooling  method  is  beneficial  only  when  the  device  needs  to  be 
operated  below  ambient  temperatures  or  for  temperature  stabiliza¬ 
tion.  Examples  are  infrared  detectors  and  quantum  cascade  lasers. 
The  speed  of  many  electronic  devices  increases  with  reduced  tem¬ 
perature  and  thus  it  is  possible  to  use  thermoelectric  coolers  to 
gain  increased  speed.  Instead  of  cooling  the  whole  chip,  thermo¬ 
electric  microcoolers  can  potentially  be  applied  to  handle  local  hot 
spots  in  semiconductor  chips  [108].  Regions  with  sizes  ranging 
from  10’s  to  100’s  of  micron  in  diameter  have  a  temperature  10- 
30°C  higher  than  the  average  chip  temperature.  This  causes  clock 
delays  and  failures  in  digital  circuits.  In  addition,  chip  reliability 
due  to  electromigration  is  a  thermally  activated  process,  so  the 
mean-free  time  between  failures  decreases  exponentially  as  the 
temperature  rises. 

Thermoelectric  devices  have  traditionally  been  used  as  radia¬ 
tion  detectors  such  as  thermopiles  and  can  be  used  as  power 
sources.  With  the  rapid  developments  in  MEMS,  microscale 
power  supply  has  been  in  increasing  demands.  Thermoelectric 
micro-generators  can  be  coupled  with  environmental  heat  sources 
to  drive  sensors  and  microdevices  for  automanous  operation  of 
these  devices.  The  body  temperature  powered  wristwatch  is  a  re¬ 
cent  example  [109]. 


6  Concluding  Remarks 

In  this  paper,  we  discuss  recent  progress  in  nanostructure-based 
solid-state  energy  conversion.  Energy  transport  for  both  electrons 
and  phonons  can  differ  significantly  from  that  in  bulk  materials. 
The  nanoscale  size  effects  can  be  used  to  improve  the  energy 
conversion  efficiency.  Recent  studies  have  led  to  quite  a  large 
increase  in  ZT  values  and  significant  new  insights  into  thermo¬ 
electric  transport  in  nanostructures.  There  is,  however,  much  left 
to  be  done  in  new  materials  syntheses,  characterization,  physical 
understanding,  and  device  fabrication.  This  is  a  research  area  that 
the  heat  transfer  community  can  both  benefit  from  and  contribute 
to.  Meanwhile,  we  would  like  to  emphasize  that  thermoelectric 
materials  research  is  a  multidisciplinary  endeavor  and  requires 


close  collaboration  among  researchers  to  address  issues  in  mate¬ 
rials,  theory,  characterization,  and  devices.  Among  these  issues, 
heat  transfer  plays  a  significant  role. 
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Nomenclature 

C  =  spectral  volumetric  specific  heat,  J  m”3Hz"'lK_l 
D  =  density  of  states  per  unit  volume,  J^m'3 
E  =  energy  relative  to  band  edge,  J 
Ef  =  Fermi  level  relative  to  band  edge,  J 
f  =  electron  distribution  function 
/eq  -  equilibrium  distribution  function 
J  =  current  density,  A  m”2 
J,y  =  heat  flux,  W  m-2 
k  -  thermal  conductivity,  W  m_lK~l 
k  =  wavevector 
kB  =  Boltzmann  constant,  J  K“* 

Ln  =  transport  coefficients  defined  by  Eq.  (8) 
cj  =  charge  per  carrier,  C 
r  =  coordinate 

S  =  Seebeck  coefficient,  V  K“l 
t  ~  time,  s 
T  =  temperature,  K 
v  =  velocity,  ms-1 
Z  —  figure  of  merit,  K-1 
e  =  electrical  field,  V/m 
<I>  =  electrochemical  potential,  J 

cr  =  electrical  conductivity  fl_1m_l,  or  differential  conduc¬ 
tivity, 

r  =  relaxation  time,  s 

a)  =  angular  frequency,  rad  .  Hz 
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The  cross-plane  thermal  conductivity  of  four  Si/Si0i7Ge03  superlattices  and  three 
Sio.84Geo.|6/Si076Ge0.24  superlattices,  with  periods  ranging  from  45  to  300  and  from  100  to  200  A, 
respectively,  were  measured  over  a  temperature  range  of  50  to  320  K.  For  the  Si/Si07Ge03 
superlattices,  the  thermal  conductivity  was  found  to  decrease  with  a  decrease  in  period  thickness 
and,  at  a  period  thickness  of  45  A,  it  approached  the  alloy  limit.  For  the  Si084Ge0 16/SiQ76Ge0i24 
samples,  no  dependence  on  period  thickness  was  found  and  all  the  data  collapsed  to  the  alloy  value, 
indicating  the  dominance  of  alloy  scattering.  This  difference  in  thermal  conductivity  behavior 
between  the  two  superlattices  was  attributed  to  interfacial  acoustic  impedance  mismatch,  which  is 
much  larger  for  Si/Sio.7Ge0.3  than  for  Sio.84Geo.i6/Sio.76Ge0>24.  The  thermal  conductivity  increased 
slightly  up  to  about  200  K,  but  was  relatively  independent  of  temperature  from  200  to  320  K. 
©  2002  American  Institute  of  Physics.  [DOI:  10.1063/1.1455693] 


The  thermal  conductivity  of  semiconductor  superlattice 
films  is  of  great  importance  for  the  performance  of  thermo¬ 
electric  coolers  and  power  converters  as  well  as  of  optoelec¬ 
tronic  devices.  Low  thermal  conductivity  materials  are  de¬ 
sired  for  thermoelectric  elements  in  order  to  reduce  the 
backflow  of  heat  from  the  hot  to  cold  junctions,  while  high 
conductivity  materials  are  necessary  for  optoelectronic  de¬ 
vices  in  order  to  dissipate  heat.  Recently,  the  thermal  con¬ 
ductivity  of  several  superlattice  systems  including 
GaAs/AIAs,1-5  Si/Ge,6'7  Si/SiGe,8  and  Bi2Te3/Sb2Te3  (Refs. 
9  and  10)  has  been  a  topic  of  significant  interest.  Several  of 
these  studies  have  shown  that  the  thermal  conductivity  of  a 
superlattice  can  be  lower  than  a  corresponding  value  calcu¬ 
lated  from  Fourier  heat  conduction  theory  using  the  constitu¬ 
ent  materials*  bulk  thermal  conductivity.  However,  the 
causes  for  this  dramatic  reduction  in  thermal  conductivity  are 
not  entirely  clear,  and  a  variety  of  mechanisms  such  as  mis¬ 
match  in  acoustic  impedance  and  phonon  spectra,  miniband 
formation,  and  interface  scattering  due  to  roughness  and  de¬ 
fects  have  been  proposed  as  contributors.  The  primary  goal 
of  this  work  is  to  examine  the  role  of  the  interface  and  acous¬ 
tic  impedance  mismatch  in  the  reduction  of  the  thermal  con¬ 
ductivity. 

The  superlattice  samples  were  grown  by  molecular  beam 
epitaxy  (MBE)  at  HRL  Laboratories,  LLC,  and  complete  de¬ 
tails  of  the  growth  can  be  found  elsewhere.11  They  were 
grown  on  Si  substrates  upon  which  a  buffer  layer  was  depos¬ 
ited  to  reduce  strain  and  to  ensure  good  growth  conditions 
for  the  superlattice.  Capping  the  superlattice  were  Si^Ge^* 
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alloys  doped  appropriately  to  provide  good  ohmic  contact. 
The  thickness  ratio  of  the  two  superlattice  materials  within 
each  period  was  maintained  at  2:1  and  1:1  for  the 
Si/Sio.7Ge0.3  and  Si084Ge0.i6/Sio.76Ge024  superlattices,  re¬ 
spectively.  Four  Si/Si0.7Ge0  3  superlattices  with  period  thick¬ 
nesses  of  300,  150,  75,  and  45  A  were  investigated  along 
with  three  Sio.84Geo.i6/Sio.76Geo.24  superlattices  with  period 
thicknesses  of  100,  150,  and  200  A.  This  comparison  offers 
an  opportunity  to  examine  how  the  thermal  conductivity  may 
be  influenced  by  alloy  and  defect  scattering,  miniband  for¬ 
mation,  tunneling,  and  phonon  spectra  acoustic  impedance 
mismatch  (AIM).  The  AIM=(pV)1  f(pV)2  where  p  is  the 
material  density,  V  is  the  speed  of  sound,  and  subscripts  1 
and  2  represent  the  adjacent  layers.  The  AIM  partially  deter¬ 
mines  the  fraction  of  phonons  reflected  at  each  interface.12 

The  thermal  conductivity  of  the  superlattices  was  mea¬ 
sured  using  the  3 -co  technique.13  In  short,  the  3-<o  method  is 
an  ac  technique  in  which  a  thin  metal  line  is  patterned  on  the 
surface  of  the  sample  and  is  utilized  as  both  a  heater  and  a 
thermometer.  Since  the  capping  layers  are  electrically  con¬ 
ducting,  a  thin  insulating  layer  (~100  nm  thick  Si02)  is  de¬ 
posited  between  the  cap  and  metal  heater  line.  Detailed  ex¬ 
planations  of  the  3-0)  technique13,14  and  the  fabrication  of  the 
insulating  layer  and  heater/thermometer  lines  on  the 
samples15  can  be  found  elsewhere.  The  3-w  measurement 
directly  gives  the  total  thermal  resistance  of  the  superlattice, 
buffer,  cap,  and  insulating  layer.  The  individual  contributions 
of  the  buffer,  cap,  and  insulating  layers  are  measured  sepa¬ 
rately  and  subtracted,  leaving  only  the  thermal  conductivity 
of  the  superlattice.  In  order  to  confirm  the  suitability  of  as¬ 
suming  one-dimensional  heat  flow  (cross-plane  thermal  con¬ 
ductivity),  heater  lines  of  varying  widths  (16, 20,  and  25  fim) 
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FIG.  1.  Cross-plane  thermal  conductivity  of  four  Si/Si07Ge0  3  superlattices. 
All  superlattices  are  3  thick  and  have  a  ratio  of  Si  to  Si0.7Ge03  of  2:1. 
The  labels  on  the  upper  four  curves  refer  to  the  period  thickness.  The  curve 
labeled  “Cap”  is  a  3.5  yum  thick  Sio.9Ge01  film,  which  has  the  same  com¬ 
position  as  the  capping  layers  on  the  superlattices.  The  “Buffer”  is  a  I  fim 
thick  Si09Ge0 1  film  followed  by  a  l  yum  thick  Si09Ge0 ,  /Sio845Geo  l5C0W5 
superlattice. 

were  tested.  The  difference  among  thermal  conductivity  val¬ 
ues  measured  with  lines  of  these  widths  was  small,  indicat¬ 
ing  that  the  lines  were  adequately  wide  to  assume  one¬ 
dimensional  heat  flow. 

To  assess  the  reliability  of  our  data,  we  first  measured 
the  thermal  conductivity  of  a  3.5  fim  thick  Si09Ge0.i  film 
that  was  boron  doped  with  a  carrier  concentration  of  5 
X  1019  cm”3  (see  Fig.  1).  This  measurement  was  then  com¬ 
pared  with  data  recently  reported  by  Yonenaga  et  al. 16  for  a 
similarly  composed  Si09Ge0,  sample,  also  boron  doped, 
only  with  a  slightly  higher  carrier  concentration  of  8 
X  1019  cm"3.  Our  measured  value  of  9.6  W/mK  for  room 
temperature  thermal  conductivity  compared  favorably  with 
their  value  of  9.35  W/mK,  thus  confirming  the  reliability  of 
our  measurements. 

The  number  of  interfaces  present  in  a  Si/Si0  7Ge0  3  su¬ 
perlattice  strongly  influences  the  thermal  conductivity  as 
demonstrated  in  Fig.  1.  This  plot  was  generated  using  the 
data  from  the  20  fi m  wide  heater  lines,  which  should  be 
closely  representative  of  the  cross-plane  thermal  conductiv¬ 
ity.  For  a  decrease  in  period  thickness  (an  increase  in  the 
number  of  interfaces  per  unit  length),  there  was  a  corre¬ 
sponding  decrease  in  the  thermal  conductivity.  For  the  45  A 
period  thickness,  the  thermal  conductivity  approached  that  of 
the  Si09Ge0 j  alloy.  It  is  noteworthy  that  for  a  Si/Si07Ge03 
superlattice  with  a  2:1  thickness  ratio,  the  overall  ratio  of  Si 
to  Ge  is  9:1,  which  is  the  same  ratio  within  the  alloy.  It  is 
also  worth  noting  that  the  thermal  conductivity  never  fell 
below  the  value  of  the  corresponding  Si0.9Geo  t  alloy.  This  is 
in  contrast  to  the  observations  of  Lee  et  al.6  on  superlattices 
of  Si/Ge.  Presumably,  the  larger  AIM  of  the  Si/Ge  superlat¬ 
tices  along  with  the  presence  of  misfit  dislocations  and  inter¬ 
face  defects  in  their  case  increased  phonon  scattering.  In  our 
particular  case,  however,  the  superlattice  acts  as  much  like  an 
alloy  of  its  constituents  as  a  layered  structure.  All  superlat¬ 
tices  show  similar  temperature  dependence:  a  gradual  in- 
Downloaded  04  Sep  2002  to  128.114.55.120.  Redistribution  subject 


FIG.  2.  Thermal  resistivity  of  the  four  Si/Si07Ge0.3  superlattices  as  a  func¬ 
tion  of  the  number  of  interfaces  at  six  different  temperatures  (K).  The  resis¬ 
tivity  decreases  nearly  linearly  between  1334  and  400  interfaces,  while  it 
decreases  slightly  more  between  400  and  200  interfaces. 

crease  in  thermal  conductivity  with  temperature  up  to  about 
200  K,  and  only  a  slight  increase  from  200  to  320  K. 

Figure  2  shows  a  plot  of  the  thermal  resistivity  of  the 
superlattices  as  a  function  of  the  number  of  interfaces.  The 
resistivity  decreases  nearly  linearly  from  1334  to  400  inter¬ 
faces,  and  then  drops  off  somewhat  more  rapidly  between 
400  and  200  interfaces.  The  linear  portion  seemingly  indi¬ 
cates  that  the  additional  interfaces  simply  add  a  correspond¬ 
ing  thermal  boundary  resistance  to  the  superlattices.  How¬ 
ever,  the  reason  for  the  deviation  from  linear  behavior  for 
long  periods  is  unclear  and  may  result  from  the  interplay 
between  competing  thermal  mechanisms.  The  overall  trend 
towards  lower  thermal  conductivity  for  shorter  periods  elimi¬ 
nates  the  possibility  of  miniband  formation  being  a  dominant 
mechanism  for  heat  transport  in  these  superlattices  for  the 
following  reasons.  When  miniband  formation  occurs  in  the 
phonon  dispersion  relation,  the  number  of  locations  in  wave- 
vector  space  where  stop  bands,  or  phonon  band  gaps,  occur 
decreases  with  a  decrease  in  period  thickness,  leading  to 
fewer  locations  where  there  is  a  decrease  in  the  phonon 
group  velocity.  Therefore,  if  miniband  formation  were  domi- 


FIG.  3.  Cross-plane  thermal  conductivity  of  three  Sio^Geo  ^/Si^Ge^ 
superlattices.  All  superlattices  are  3  /xm  thick  and  the  labels  on  the  curves 
refer  to  the  period  thickness.  The  high  degree  of  uncertainty  is  only  in  regard 
to  the  absolute  value  of  the  thermal  conductivity;  all  three  samples  have 
essentially  the  same  conductivity. 
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nant,  decreasing  the  thickness  of  the  periods  would  actually 
result  in  an  increase  in  the  thermal  conductivity.17 

The  thermal  conductivity  of  the  Si0  84Ge0 16/Si0.76Ge0.24 
superlattices  measured  with  25  /im  heater  lines  is  shown  in 
Fig.  3.  The  main  source  of  uncertainty  in  these  data  is  due  to 
the  fact  that  a  separate  buffer  sample  was  not  available  for 
measurement.  Since  the  buffer  layer  consisted  of  a  0.95  /mi 
thick  layer  of  Si08Geo.2  followed  by  a  3  /tm  thick  graded 
SiGe  film  (graded  from  pure  Si  to  Si08Ge02),  we  assumed 
that  it  acted  thermally  like  a  Si09Ge0 A  alloy  that  was  mea¬ 
sured  previously.  Nonetheless,  the  relative  uncertainty 
among  these  three  superlattices  is  not  affected  by  this  esti¬ 
mate.  Unlike  the  Si/alloy  samples,  where  the  period  thick¬ 
ness  was  significant  with  regard  to  the  thermal  conductivity, 
the  alloy/alloy  superlattice  thermal  conductivity  was  inde¬ 
pendent  of  the  period  thickness.  We  attribute  this  to  the  dis¬ 
similarity  among  the  AIM  of  the  superlattices.  Using  the  data 
for  the  elastic  constants  of  Si  (Ref.  18)  and  Ge  (Ref.  18)  and 
a  weighted  average  of  data  for  the  alloys,19  and  then  averag¬ 
ing  over  all  of  the  phonon  modes  and  propagation  directions, 
an  estimate  of  an  “average”  AIM  for  each  superlattice  was 
obtained.  The  calculated  average  acoustic  impedance  mis¬ 
matches  were  —1.15  and  —1.03  for  the  Si/Si0.7Ge0.3  and 
Sio.84^eo.  16 / S io.76Ge0.24  superlattices,  respectively.  From 
Figs.  1-3,  we  saw  that  the  number  of  interfaces  had  a  sig¬ 
nificant  effect  on  the  heat  transport  in  the  Si/alloy  superlat¬ 
tices,  while  the  alloy/alloy  superlattices  showed  no  such  ef¬ 
fect.  If  the  AIM  were  dominant,  then  one  would  expect  that, 
for  the  alloy/alloy  superlattice,  the  number  of  interfaces 
would  have  little,  if  any,  influence  on  the  thermal  conductiv¬ 
ity.  Rather,  alloy  scattering  appears  to  be  the  dominant 
mechanism.  Furthermore,  in  comparing  Figs.  1  and  3,  we  see 
that  the  alloy/alloy  superlattice  exhibits  a  slightly  lower  ther¬ 
mal  conductivity  than  the  Si/alloy  superlattices. 

In  summary,  the  cross-plane  thermal  conductivities  of 
Si/Si07Ge03  and  Si0,84Ge0  |6/Si076Ge0.24  superlattices  were 


examined  and  compared.  For  the  Si/alloy  superlattice,  the 
role  of  the  interface  in  affecting  the  thermal  conductivity  is 
important;  however,  for  the  alloy/alloy  superlattice  it  is  not. 
Taking  advantage  of  both  alloy  scattering  and  the  influence 
of  the  AIM,  future  investigation  of  a  high  AIM  alloy/alloy 
superlattice  could  demonstrate  the  combined  effect  on  the 
thermal  behavior  of  these  structures. 
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For  optoelectronic  applications,  a  highly  efficient,  sto- 
ichiometrically  modifiable  alternative  to  the  well-established 
ternary  arsenides,  Al/la^As,  is  desirable.  The  binary  to 
quaternary  phosphides,  (Al^Gaj  _x)^In,  ^P,  have  the  second 
widest  direct  band  gap  of  III— V  semiconductors — exceeded 
only  by  the  ternary  nitrides,  Ga^In^N —  with  the  advan¬ 
tage  of  GaAs  lattice  matching  and  luminescence  in  the 
visible  range.1,2  The  ternary  to  quaternary 
(All.Gaj„A.)>)In|_yP/GaAs  heterostructures  have  proven  to  be 
effective  alternatives  to  AlAGa}  _AAs/GaAs  heterostructures 
as  field-effect  transistors,3  heterojunction  bipolar  transistors,4 
highly  efficient  (^30%)  tandem  solar  cells,5  and  vertical- 
cavity  surface-emitting  diodes.6  The  superiority  of 
(Al^Ga^^In!  -^P  over  the  AlAGa,_AAs  analogues  is  due 
to  the  excellent  characteristics  found  in  phosphide  systems — 
namely,  large  valence  (GaAIn,_AP)  and  conduction 
(AlxInj_  vP)  band  offsets,  greater  output  power,  higher  oper¬ 
ating  temperatures,  and  lower  oxidation  and  temperature 
degradation  rates.2,7 

Although  many  redeeming  characteristics  of  the  phos¬ 
phide  systems  are  limited  in  the  arsenide  systems,  an  unfor¬ 
tunate  fact  remains  of  the  active  region  regardless  of  compo¬ 
sition:  large  carrier  leakage  at  room-temperature  operation. 
One  method  of  reducing  this  leakage  is  by  increasing  carrier 
recombination  by  enhancing  confinement  within  the  active 
region.  Standard  superlattices  and  strain-modulated  aperiodic 
superlattice  heterobarriers  have  been  used  to  reduce  leakage, 
as  in  thermalization  losses,  and  enhance  carrier  confinement 
in  light-emitting  devices.8  Incorporating  the  ternary  phos¬ 
phides,  specifically  AlAInj_AP  and  GaAInt_AP,  into  superlat¬ 
tices  has  been  achieved  with  success;9  however,  transport 
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through  the  phosphide  superlattices  is  not  as  well  understood 
as  that  of  the  arsenide  superlattices.10 

With  a  deeper  understanding  of  transport  in 
(AlAInj  -^Pj^/fGa^In,.^?)^  superlattices,  further  promising 
facets  of  the  phosphide-related,  optoelectronic  avenue  will 
undoubtedly  unmask.  In  this  letter,  we  report  the  observation 
of  electron  transport  through  the  principal  (Fc  ,LC)  miniband 
of  the  strongly  coupled  (AI0i5In0<5P)n/(Gao.5ln0i5P)i0  super¬ 
lattice  using  ballistic-electron-emission  spectroscopy.11  This 
claim  is  supported  by  Monte  Carlo  simulations,  which  are  in 
agreement  with  experimental  data. 

Ballistic-electron-emission  spectroscopy  (BEES)  is  a 
scanning  tunneling  microscopy-related  method  that  allows 
for  field-free  carrier  injection,  a  necessity  when  concerned 
with  field-sensitive  phenomena,  such  as  resonant  tunneling 
through  quasibound  states  and  miniband  states.  From  the  tip, 
forward-directed,  hot  electrons  tunnel  through  the  vacuum 
barrier  and  travel  ballistically  through  the  thin  base  metal.  At 
the  nonepitaxial  metal -semiconductor  interface,  electrons 
scatter  into  available  states  of  the  semiconductor  conduction 
band  or  reflect  into  the  base  metal.  Nonepitaxial  interfaces, 
phonon  scattering,  and,  if  present,  buried  heterostructure 
transmission  probability,  contribute  to  attenuation  reducing 
the  collector  current  ten  to  100-fold.  The  base  current  is  held 
constant,  while  the  bias  voltage  is  increased  within  a  given 
range.  The  collector  current  is  then  recovered,  typically,  on 
the  order  of  10-100  pA  and  significantly  larger  than  noise  (1 
pA).  A  detailed  description  and  recent  review  of  BEES  has 
been  reported  elsewhere.12 

The  ( Al0  5In0  5P)  x x  /(Gao  5In0  5P)  10  superlattices  were 
grown  using  low-pressure,  metal-organic  vapor  deposition 
on  /?-GaAs:Si  (100)  substrates.  Adduct-purified  triethylgal- 
lium  (Ga[C2H5]3),  trimethylindium  (In[CH3]3),  and  trim- 
ethylaluminum  ( A1[CH3]3)  were  used  as  group  III  elements, 
and  phosphine  (PH3)  and  arsine  (AsH3)  were  used  as  group 
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TABLE  I.  Semiconductor  parameters  of  GaAs,  Al0.5Ino.5P,  and  Gao5ln05P 
used  in  the  simulations  are  tabulated.  These  include  Vc  and  Lc  energy  dif¬ 
ferences,  conduction  band  offsets,  and  effective  masses  self-consistently  cal¬ 
culated  at  298  K. 


Parameter  (298  K) 

Suggested  value 

^Au-GaAs 

0.900  eV 

A^GaAs 

0.285  eV 

0.161  eV 

0.326  eV 

A£^r 

acGiiAs-A!05l»i(15P 

0.624  eV 

A  rL-L 

tAC'GaAii-AIH5lii„5p 

0.501  eV 

acGaAs-G:i05lii()3P 

0.186  eV 

A  rL-L 

tiC'Gi»A.s-Gi^jlnUjP 

0.227  eV 

»4a* 

0.067  me 

,HG»As 

0.560  m. 

0.110  m, 

"‘Alo.s'"ujP 

0.139  m, 

0.092  me 

0.1 14  me 

V  elements.  The  epitaxial  growth  was  initiated  with  500  A  of 
an  undoped  GaAs  buffer  layer,  followed  by  a  cladding  layer 
of  1  nm  Alo.5Ino.5P.  A  set  of  20  layers  was  grown  in  the  order 
of  2  nm  of  Gao.5I1io.5P  (10),  then  1  nm  of  Al05In0.5P  (10), 
followed  by  cap  layer  of  50  A  of  undoped  GaAs.  Ohmic 
(collector)  contacts  of  a  1  fim  Au/Ge/Ni  alloy  were  deposited 
by  electron  beam  evaporation,  followed  by  annealing  in  high 
vacuum  (~ 1(T7  Torr)  at  550 °C  for  300  s.  The  Schottky 
(base)  contacts  were  prepared  by  thermal  deposition  of  60  A 
Au  in  high  vacuum  (~1(T7  Torr).  BEES  current-voltage 
spectra  were  acquired  under  nitrogen  flow  at  room  tempera¬ 
ture,  while  the  tunneling  current  was  held  constant  at  ap¬ 
proximately  4  nA  over  the  tip  bias  range  of  -0.8  to  -1.8  V. 
To  ensure  uniformity,  approximately  200000  scans  were 
taken  from  different  points  over  the  base  and  averaged. 

Semiempirical  calculations  of  electron  transport  were 
performed  using  a  semiclassical,  momentum-space  Monte 
Carlo  (MC)  simulation.  Transmission  coefficients  from  tip  to 
base  metal  through  vacuum  (7^.m),  base  metal  (7^),  nonepi- 
taxial  (base)  metal -semiconductor  interface  ( Tm.s ),  cap 
layer,  heterostructure,  and  buffer  layer  interfaces  (Ts)  were 
included  in  the  simulations,  in  addition  to  thermal  effects 
(^temp)  and  elastic/inelastic  5-wave  scattering.  Varshni  and 
Kane  (eight-band  k*p  perturbation  theory)  parametrizations 
were  used  to  model  temperature-dependent  spherical,  nonpa¬ 
rabolic  valleys  and  energy/temperature-dependent  effective 
masses,  respectively.2  Previously  published12  and  self- 
consistently  calculated2  values  for  parameters  used  are  given 
in  Table  I.  Intervalley  tunneling,  LO  phonon  coupling,  and 
impact  ionization  were  not  included  in  the  simulations. 

A  synopsis  of  simulated  transport  is  as  follows:  In  the 
tip,  forward-directed  electrons  are  randomly  chosen  in  mo¬ 
mentum  space  using  the  von  Neumann  acceptance/rejection 
method.  Assuming  parallel  momentum  and  energy  conserva¬ 
tion  during  transport  from  the  tip  to  the  base,  electron  trans¬ 
mission  through  vacuum  is  modeled  by  the  WKB  approxi¬ 
mation  of  a  one-dimensional  trapezoidal  barrier  potential. 
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FIG.  1.  The  BEES  transport  diagram  from  the  tip  through  the  conduction 
band  diagram  of  an  (Al05ln05P)u  /(Ga0.5Ino.5P)io  superlattice  is  shown  with 
an  incident  electron  kinetic  energy  of  1.20  eV,  corresponding  to  a  tip  bias  of 
— 1.20  V.  Valley  minima  of  GaAs,  AlosIno^P,  and  Ga^InosP  are  labeled  by 
rf  and  L, ,  rc  6  and  Lc  h  (barrier),  and  rc>kV  and  LC  H,  (well),  respectively. 

The  base  current  is  a  product  of  this  transmission  probability 
and  incident  electron  flux  and  kept  approximately  constant  to 
reflect  experimental  conditions.  Attenuation  from  inelastic 
electron-electron  scattering  in  the  base  metal  is  included 
within  the  random  phase  approximation  mean-free  path.12 
Elastic  s- wave  scattering  at  the  metal -semiconductor  inter¬ 
face  is  modeled  by  a  random  reorientation  of  momentum  and 
conservation  of  energy  for  a  given  scattering  probability  (0- 
1).  The  remaining  forward-directed  electrons  with  sufficient 
kinetic  energy  in  the  base  metal  scatter  across  the  step  po¬ 
tential  and  couple  into  available  states  with  compatible  par¬ 
allel  momenta  in  the  first  Brillouin  zone  of  the  semiconduc¬ 
tor.  To  model  the  transmission  from  the  cap  layer  through  a 
heterostructure  to  the  buffer  layer,  a  transfer  matrix  calcula¬ 
tion  is  applied  for  each  conduction  band.  The  collector  cur¬ 
rent  is  then  given  by  a  summation  over  N  states,  including 
the  product  of  each  transmission/attenuation  coefficient, 

N 

4“ 2  w £'r£,F,ej,-enF,T)Tl.m(k}l)Tm(£? 

~ Sf  .T)Tm.s(kjm  ,kjs  ,T)%{8)  ,T), 

where  kjtlm/s ,  £?jmh ,  ,  and  T  are  the  perpendicular  mo¬ 

mentum  and  energy  of  the  yth  electron  in  the  tip,  base,  or 
semiconductor,  Fermi  energy  of  the  tip  or  base  metal,  and 
temperature,  respectively.  Finally,  the  normalized  total  cur¬ 
rent  is  calculated  from  the  ratio  of  the  collector  and  the  base 
currents. 

The  conduction  band  diagram  of  an 
( Al0.5In0  5P) , ,  /(Ga0  5Ina5P)  i0  superlattice  is  shown  in  Fig.  1. 
The  second  derivative13  of  the  averaged  BEES  spectra  of  a 
reference  epitaxial  GaAs  on  an  n-GaAs:Si  <100)  sample  is 
shown  in  Fig.  2(a).  Comparatively,  the  second  derivative  of 
the  MC  spectra  of  the  reference  epitaxial  GaAs  with  a  scat¬ 
tering  probability  of  0.90  is  shown  in  Fig.  2(c).12,14  At  small 
tip  bias,  the  simulation  reproduces  the  experimental  data 
with  the  correct  energetic  onset  and  features  of  Tc  and  Lc 

valley  contributions;  the  slight  discrepancy  at  large  tip  bias  is 
to  AIP  license  or  copyright,  see  http://ojps.aip.org/aplo/apIcr.jsp 
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FIG.  2.  (a)-(d)  Numerical  second  derivatives  of  the  BEES  spectra  and  MC 
simulations  of  the  reference  epitaxial  GaAs  and  the  <  Al0  5In0  5P)| ,  / 
(GaosInosP)^  superlattice  are  shown  in  (a)  and  (b)  and  (c)  and  (d),  respec¬ 
tively.  Valley  minima  are  labeled  for  reference  with  Fig.  I. 

consistent  with  the  level  of  approximations  considered  in  the 
MC  simulations.  With  the  incorporation  of  the  superlattice, 
the  transport  threshold  is  shifted  by  180  meV,  as  seen  in  Fig. 
2(b).  The  second  derivative  of  the  MC  spectra  of  the 
(Al0i5lno.5P)ii/(Gao.5ln05P)|0  superlattice  shows  a  wide 
peak  (full  width  at  half  maximum  —500  meV),  beginning 
slightly  above  the  Ga05In05P  Tc  point  minimum  (1.10  eV) 
and  terminating  above  the  Al05In05P  L,.  point  minimum 
(1.70  eV),  as  seen  in  Fig.  2(d).12  Due  to  strong  nonepitaxial 
metal-semiconductor  interface  scattering,14  the  GaAs  cap 
layer  becomes  an  electron  filter;  that  is,  allowing  mostly  Lc 
and  some  Fc  electrons  to  proceed,  while  effectively  prevent¬ 
ing  the  Xr  electrons  (with  short  mean-free  path)  from  cou¬ 
pling  with  the  adjacent  X(.  valley  states  of  AI05In0  5P.  There¬ 
fore,  for  consistency  with  experiment,  the  X<:  valley  is  not 
included  in  the  simulations  of  the  reference  epitaxial  GaAs 
and  (Alo.5lno5P)H/(Ga05In05P)|o  superlattice.  The  agree¬ 
ment  between  experiment  and  simulation  confirm  that  the 
transport  is  dominated  by  the  Fc  and  Lc  valleys. 

Electron  transport  in  the  principal  (Tr,Lc)  miniband  of 
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the  strongly  coupled  (Alo.5lno.5P)ii/(Ga0.5Ino.5P)io  superlat¬ 
tice  has  been  observed  and  discussed.  Using  BEES,  transport 
through  the  superlattice  was  resolved  at  energies  well  below 
the  Al0  5I1105P  L<;  barrier  height — a  purely  quantum  mechani¬ 
cal  phenomenon.  In  support  of  this  claim,  MC  simulations  of 
electron  transport  were  in  agreement  with  the  observed  data. 
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study  of  electron  transport  across  an  epitaxial  Pb/Si( 111)  interface.  Experiments  with  a  self-assembled 
Pb  nanoscale  wedge  reveal  the  phenomenon  of  confinement-enhanced  interfacial  transport:  a  proportional 
increase  of  the  electron  injection  rate  into  the  semiconductor  with  the  frequency  of  electron  oscillations 
in  the  Pb  quantum  well. 
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The  physical  properties  of  self-organized  epitaxial  films 
are  important  for  the  study  of  low-dimensional  electron 
transport  [1,2],  electron  confinement  in  self-assembled 
nanostructures  [3-5],  and  geometry  of  the  buried  inter¬ 
faces  [6,7].  These  films  often  consist  of  an  extremely 
thin  epitaxial  wetting  layer  uniformly  covering  a  semi¬ 
conductor  surface,  and  three-dimensional  self-assembled 
nanostructures  that  grow  on  the  top  of  this  layer  by  a 
mechanism  known  as  the  Stranski-Krastanov  growth 
mode.  Among  the  remarkable  features  of  these  films  is 
a  continuous  metallic  surface  conductivity,  which  allows 
one  to  electrically  contact  individual  nanostructures 
to  study  their  transport  properties.  Understanding  the 
influence  of  electron  confinement,  i.e.,  resonant  electron 
states  and  size-dependent  electron  energy  quantization, 
on  the  transport  properties  in  these  nanostructures  is  of 
fundamental  importance  in  the  development  of  nanoscale 
electronic  devices.  The  experimental  study  of  such  quan¬ 
tum  transport  phenomena  in  nanostructures  can  be  done 
with  a  combination  of  scanning  tunneling  microscopy 
(STM)  [8]  and  ballistic  electron  emission  microscopy 
(BEEM)  [9-12]. 

Being  a  three-terminal  modification  of  STM,  BEEM  is 
a  powerful  method  for  the  study  of  transport  phenom¬ 
ena.  In  the  BEEM  experiment,  the  semiconductor  sur¬ 
face  is  usually  covered  with  a  thin  (—50  A)  metal  layer, 
where  the  electrical  potential  is  typically  kept  at  zero.  At 
low  tip-sample  bias,  electrons  tunneling  from  the  STM  tip 
spread  through  the  metallic  surface  of  the  sample.  How¬ 
ever,  when  the  energy  of  the  tunneling  electrons  exceeds 
the  Schottky  barrier  height,  which  is  typically  about  1  eV, 
some  of  these  electrons  are  injected  into  the  bulk  of  the 
semiconductor.  The  injected  current  is  then  collected  by  an 
Ohmic  contact  at  the  back  side  of  the  semiconductor  sub¬ 
strate.  BEEM  methodology  has  been  previously  used  in 
the  study  of  Schottky  barriers  [9,13],  semiconductor  den¬ 
sity  of  states  [14],  resonant  transport  through  semiconduc¬ 
tor  heterostructures  [14]  and  buried  quantum  dots  [15],  and 
defects  at  buried  interfaces  [16]. 

In  this  Letter,  we  report  the  first  combined  STM/BEEM 
experiment  on  extremely  thin  metal  islands  that  self- 
assemble  during  epitaxial  growth.  The  results  show  a 
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proportional  relationship  between  the  ballistic  transport 
across  the  epitaxial  interface  and  the  electron  confinement 
energy  in  a  metallic  quantum  well  (QW),  suggesting  a 
new  model  for  interfacial  transport  in  this  regime. 

It  has  been  previously  shown  that,  on  the  Si(lll)  sub¬ 
strate,  Pb  islands  begin  to  grow  after  an  initial  continu¬ 
ous  double  layer  of  Pb  wets  the  surface  [17].  On  stepped 
substrates,  Pb  islands  often  possess  a  wedge-shaped  ge¬ 
ometry  with  an  atomically  flat  top  [4].  In  this  geome¬ 
try,  the  metal  thickness  varies  in  a  discrete  manner  due  to 
atomic  steps  at  the  substrate-metal  interface.  Using  these 
wedge-shaped  nanostructures  in  conjunction  with  STM  al¬ 
lows  a  convenient  in  situ  adjustment  of  the  metallic  QW 
thickness.  These  properties  make  the  Pb/Si  nanostructures 
a  perfect  object  for  the  study  of  both  electron  confinement 
effects  and  quantum  transport  phenomena. 

The  semiconductor  substrate  for  our  experiment  was 
cut  from  a  lightly  doped  n-type  Si(lll)  wafer.  An  Ohmic 
back  contact  was  fabricated  ex  situ  by  As  implantation, 
which  created  a  heavily  doped  /i-type  layer.  The  sample 
was  placed  into  an  ultrahigh  vacuum  (UHV)  chamber  with 
a  base  pressure  of  1 .5  X  10“" 10  Torr,  where  its  surface  was 
cleaned  by  a  sequence  of  direct  current  heating  (1 100  °C) 
and  ion-beam  sputtering  (Ne+).  The  quality  and  the 
chemical  composition  of  the  surface  were  monitored  by 
Auger  electron  spectroscopy  and  low-energy  electron 
diffraction.  Following  the  cleaning,  Pb  atoms  were  de¬ 
posited  from  an  effusion  cell  onto  a  7  X  7  reconstructed 
Si(lll)  substrate.  The  sample  was  then  in  situ  transferred 
to  a  UHV  STM  operating  at  room  temperature. 

The  schematic  of  the  experiment  is  presented  in  Fig.  1. 
The  electrical  contact  to  the  surface  Pb  overlayer  was  made 
in  situ  using  a  spring  contact  located  1  mm  apart  from 
the  STM  tip.  This  contact  was  grounded  to  provide  a 
separate  conductance  path  for  low-energy  electrons.  The 
current  injected  into  the  substrate,  lCi  was  measured  with 
a  picoammeter  connected  to  the  back  side  Ohmic  contact 
held  at  zero  potential.  During  the  collector  current  vs 
tunnel  bias  (7C-V)  measurements,  the  tunneling  current  was 
maintained  constant.  The  inset  of  Fig.  1  shows  a  typical 
7C-V  characteristic  obtained  on  the  Pb  wetting  layer.  We 
found  that,  as  long  as  the  energy  of  tunneling  electrons, 
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FIG.  1.  Schematics  of  the  in  situ  STM/BEEM  experimen¬ 
tal  setup.  Inset:  Typical  BEEM  current-voltage  characteris¬ 
tic  obtained  on  the  Pb  wetting  layer.  The  threshold  E0  — 
0.85  eV  for  the  electron  injection  into  the  bulk  corresponds  to 
the  Pb/Si(l  1 1)  Schottky  barrier  height. 

E  —  eV,  does  not  exceed  the  Pb/Si(l  1 1)  Schottky  barrier 
height  [18]  (Eo  =  0.85  ±  0.5  eV),  variations  of  Ic  do  not 
exceed  the  noise  level.  Obviously,  at  these  energies  all 
the  tunneling  current  is  collected  from  the  2D  Pb  wetting 
layer.  Increasing  the  energy  of  the  tunneling  electrons 
above  E0  results  in  an  increase  of  /c,  which  is  initially 
nearly  quadratic  and  later  evolves  into  a  linear  dependence 
on  E  [19].  This  presents  a  clear  evidence  that  the  Pb 
wetting  layer  possesses  a  metallic  conductivity,  and,  hence, 
can  be  used  to  electrically  contact  the  nanostructures. 

The  complicated  structure  of  our  samples,  consisting  of 
objects  of  different  dimensionality,  raises  a  question  as  to 
how  local  the  BEEM  current  is.  In  order  to  answer  this 
question,  we  show  in  Fig.  2  simultaneously  acquired  STM 
and  BEEM  images  (respectively)  of  our  sample.  In  the 
STM  image,  we  observe  a  significant  density  of  surface 
steps.  These  steps,  however,  do  not  prevent  the  continuous 


STM  BEEM 


1000  A 


FIG.  2.  5000  X  5000  A  STM  and  BEEM  images  of  epitaxial 
Pb(l  1 1)  film  on  Si(l  1 1)  acquired  simultaneously  at  a  tip  voltage 
of  —1.5  V.  A  significantly  smaller  BEEM  current  is  observed 
within  the  borders  of  the  Pb  islands  as  compared  to  the  sur¬ 
rounding  Pb  wetting  layer.  The  gray  scale  in  the  BEEM  image 
spans  the  range  between  0  to  12  nA. 


metallic  conductivity  of  the  Pb  wetting  layer,  as  the  BEEM 
threshold  Eo  is  clearly  observed  throughout  this  layer.  On 
top  of  the  wetting  layer,  we  observe  3D  Pb  islands  with 
typical  lateral  sizes  of  2000  A  and  thickness  varying  from 
30  to  80  A.  Analysis  of  the  STM  and  BEEM  images  shows 
a  significant  reduction  of  the  electron  injection  across  the 
Pb  islands  as  compared  to  the  surrounding  Pb  wetting  layer 
[20].  Apparently,  most  of  the  electrons,  which  tunnel  into 
the  Pb  islands,  thermal ize  below  the  Schottky  barrier  by 
the  time  they  laterally  diffuse  into  the  surrounding  wet¬ 
ting  layer.  As  we  show  below,  the  electron  injection  into 
the  semiconductor  is  laterally  localized  not  only  within  a 
single  Pb  island  but  also  within  a  single  constant-height 
region  of  the  wedge-shaped  Pb  islands. 

In  Fig.  3,  we  show  a  series  of  Ic-V  characteristics  ob¬ 
tained  from  Pb  islands  of  different  thickness.  Since  the 
interfacial  structure  remains  intact  below  Pb  islands  [7], 
the  Schottky  threshold  on  the  islands  is  the  same  as  on 
the  wetting  layer.  However,  the  shapes  of  these  curves 
are  different.  An  additional  steplike  feature  appears  in  all 
the  curves  of  Fig.  3,  at  an  energy  position  that  is  clearly 
thickness  dependent.  The  position  of  this  steplike  feature 
increases  in  energy  as  the  film  thickness  decreases.  This 
clearly  suggests  that  the  fc-V  features  originate  from  the 


FIG.  3.  BEEM  current- voltage  characteristics  obtained  on  Pb 
islands  of  different  thickness.  The  threshold,  E0,  is  the  same 
as  on  the  welting  layer.  The  additional  Ihiekness-depeiKlent 
features  that  appear  on  these  curves  indicate  resonant  electron 
states  in  Pb  islands. 


056801-2 


056801-2 


Volume  87,  Number  5 


PHYSICAL  REVIEW  LETTERS 


30  July  2001 


resonant  electron  states  in  the  Pb  islands.  A  previous  study 
of  resonant  states  in  Pb  [4]  with  scanning  tunneling  spec¬ 
troscopy  has  shown  that  the  electron  confinement  energy, 


(1) 


where  vF  is  the  Fermi  velocity  in  Pb,  indeed  increases 
as  the  metal  thickness,  Hy  decreases.  However,  unlike  in 
tunneling  spectra,  where  resonant  steps  repeat  with  an  in¬ 
terval  of  A,  the  transmission  ( Ic-V )  spectra  always  contain 
only  one  thickness-dependent  steplike  feature.  As  we  shall 
show  later,  this  is  an  inherent  property  of  a  three-terminal 
experiment. 

In  Fig.  4,  we  show  the  typical  dependence  of  the  elec¬ 
tron  injection  rate  (7c/7)  into  the  bulk  Si(l  11)  states  on 
the  thickness  of  Pb  film.  The  data  points  in  Fig.  4  were 
obtained  by  translating  the  STM  tip  over  the  top  surface 
of  the  Pb  wedge  at  a  fixed  tunneling  current  (10  nA)  and 
a  fixed  voltage  (-1.9  V)  and  measuring  lc  for  different 
metal  thickness.  We  observe  a  continuous  decrease  of 
lc  with  an  increase  of  the  metal  thickness.  Variations  of 
Ic  with  the  metal  thickness  have  been  attributed  to  elec¬ 
tron  attenuation  over  the  mean-free  path,  A,  which  implies 
the  exponential  dependence  [21]:  ft  oc  exp(-///A).  This 
model,  being  valid  only  in  the  strong  scattering  limit,  does 
not  account  for  the  alternative  regime,  i.e.,  development  of 
standing  electron  waves  in  a  metallic  film  [4,22].  Stand¬ 
ing  electron  waves  in  the  epitaxial  Pb/Si(l  1 1)  films  have 
been  directly  observed  in  previous  studies  of  this  system 
[4,7].  In  those  studies,  it  was  shown  that  the  tunneling 
density  of  states  in  Pb  islands  exhibits  oscillating  energy 
dependence  both  below  and  above  the  Pb/Si  Schottky  bar¬ 
rier.  The  same  experiment  conducted  at  room  temperature 
indicates  a  ballistic  mean-free  path  of  more  than  100  A. 


FIG.  4.  Dependence  of  the  normalized  BEEM  current,  7c/7,  on 
the  Pb  thickness.  The  data  points  were  obtained  by  translating 
the  STM  tip  over  the  top  surface  on  the  self-assembled  Pb  wedge 
at  a  fixed  tip  voltage  of  - 1.9  V  and  a  fixed  tunneling  current  of 
10  nA  (as  shown  in  the  inset).  The  errors  are  indicated  by  the 
vertical  bars. 


Therefore,  the  picture  of  a  “particle  in  a  box”  seems  to  be 
appropriate  for  the  explanation  of  the  thickness-dependent 
ballistic  transport  across  the  Pb  islands. 

Consider  an  electron,  of  energy  E  >  £0,  tunneling  from 
a  STM  tip  into  a  metal  QW.  The  transversal  motion  of 
this  electron  is  described  by  periodic  oscillations  across 
the  QW  with  a  frequency  fl  =  v/2Hy  where  v  **  vF. 
Hence,  the  average  charge  injection  into  the  semiconductor 
is  given  by 

Qc  =  f3e{  Sir),  (2) 

where  /3  is  the  interfacial  transmission  probability,  e  is 
the  electron  charge,  and  r  is  the  bulk  electron  relaxation 
time.  The  product  fie  represents  the  charge  injection 
per  attempt,  while  fir  is  the  integral  number  of  attempts 
to  traverse  the  metal-semiconductor  interface,  which  is 
given  by  the  number  of  electron  oscillations  inside  a  QW 
that  contribute  to  the  interfacial  transport.  The  rest  of 
the  charge  can  spread  only  through  the  wetting  layer.  As 
shown  in  a  previous  study,  the  low-energy  part  ( E  <  Eo) 
of  the  tunneling  current  can  be  neglected  at  large  negative 
tip  voltage  [4].  Thus,  the  ratio  of  the  BEEM  current  to  the 
tunneling  current  is  given  by  the  ratio  between  Qc  and  e, 
and  equals 

r*"'  (3) 

The  inverse  proportion  of  the  BEEM  current  to  the  QW 
height,  predicted  in  Eq.  (3),  can  thus  explain  the  decrease 
of  Ic  with  the  metal  thickness.  To  show  this  dependence, 
we  plot  ( 7c/7)~ !  as  a  function  of  H  (Fig.  5).  The  resulting 
linear  dependence  is  clearly  observed  in  Fig.  5.  Hence, 
comparing  Eqs.  (1)  and  (3),  we  infer  that  /c  «  A,  i.e.,  the 
interfacial  transport  in  epitaxial  QWs  is  determined  by  the 
electron  confinement  energy. 

Deviations  from  exponential  dependence  in  thin  Au  film 
on  Si(l  1 1)  were  reported  earlier  [21,23].  However,  as  bulk 
resonant  states  in  Au  films  have  never  been  observed,  the 


FIG.  5.  The  inverse  of  the  normalized  BEEM  current, 
(7c./7)“ 1 ,  plotted  as  a  function  of  the  Pb  thickness.  A  propor¬ 
tional  dependence  is  clearly  observed.  The  errors  are  indicated 
by  the  vertical  bars. 
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scaling  predicted  by  Eq.  (3)  was  not  observed  as  well. 
Besides,  as  Au  films  do  not  grow  in  Stranski-Krastanov 
geometry,  direct  thickness  measurement  with  STM  is  not 
possible.  By  contrast,  the  two  noticeable  features  of  the 
Pb/Si(lll)  interface  are  (i)  self-assembly  of  the  wedge- 
shaped  islands,  allowing  for  direct  thickness  determina¬ 
tion,  and  (ii) electron  focusing  in  the  [111]  direction  due 
to  the  Fermi  surface  anisotropy,  enhancing  resonant  elec¬ 
tron  states  in  the  Pb  QWs  [24],  The  combination  of  these 
two  features  allows  one  to  consider  a  Pb  island  a  model 
quantum  box  system. 

As  was  first  recognized  by  Bardeen  [25],  in  two-terminal 
transport  experiments,  such  as  tunneling  into  a  quantum 
box,  the  scaling  effect  cannot  be  manifested.  Transport  in 
these  systems  can  be  described  as  M2p,  where  M  is  the 
tunneling  matrix  element,  and  p  is  the  density  of  states. 
Because  of  M  «  a  1  / \pH ,  where  tp  is  the  electron  wave 
function  in  a  quantum  box,  and  p  «  H,  the  scaling  effect 
always  vanishes.  By  contrast,  in  three-terminal  geome¬ 
try,  the  flux  across  a  quantum  box  can  be  described  as 
M2N,  where  N  —  (l/e)r  is  the  total  population  number  of 
resonant  states  in  energy  window  Eo  <  E  <  eV,  and  the 
matrix  element  M  couples  ip  with  the  collector.  It  now 
becomes  clear  why  only  single  Ic-V  steps  are  manifested 
in  the  transmission  spectra.  As  the  opening  of  additional 
resonant  channels  does  not  change  N,  the  higher  order 
resonant  states  in  these  spectra  are  not  visible. 

Thus,  in  the  quantum  mechanical  picture,  a  three- 
terminal  experiment  with  a  quantum  box  allows  direct 
measurement  of  |^|2.  It  seems  remarkable  that  such 
measurement  is  facilitated  by  electron-phonon  interaction, 
which  represents  the  main  mechanism  of  bulk  relaxation 
in  our  experiment. 

In  conclusion,  confinement-enhanced  electron  transport 
across  an  epitaxial  metal-semiconductor  interface  was  ob¬ 
served  with  the  combination  of  STM  and  BEEM.  Using 
modern  methods  of  nanofabrication  and  in  situ  characteri¬ 
zation,  we  have  designed  a  three-terminal  experiment  with 
a  quantum  box  and  experimentally  observed  quantum  scal¬ 
ing  of  its  transmittance.  Utilization  of  a  quantum  box  in  a 
three-terminal  geometry  may  possibly  open  a  way  to  de¬ 
velopment  of  nanoscale  quantum  transistors. 
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Abstract 

Ballistic  Electron  Emission  Microscopy  (BEEM)  has  been  shown  to  be  a  powerful  tool  for  nanometer- 
scale  characterization  of  the  spatial  and  electronic  properties  of  semiconductor  structures.  In  this  article,  we 
will  discuss  general  aspects  of  BEEM  experiment  and  theory  in  true  ballistic  and  quasi-ballistic  hot  carrier 
transport.  We  will  review  the  current  state  and  recent  progress  in  the  use  of  the  BEEM  imaging  and 
spectroscopy  to  study  metal-semiconductor  and  metal-insulator-semiconductor  interfaces,  buried  semicon¬ 
ductor  heterojunctions  and  novel  quantum  objects.  Various  theoretical  BEEM  models  are  discussed,  and 
their  ability  to  describe  BEEM  experiments  is  examined.  Special  attention  is  drawn  to  the  role  of  the  electron 
scattering  in  the  metal  base  layer,  at  the  metal-semiconductor  interface  and  in  the  semiconductor  hetero¬ 
structure  on  BEEM  spectra.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  current  trend  of  developing  small-size  electronic  devices  requires  high  resolution  in  the 
characterization  and  control  of  metal-semiconductor  (m-s)  heterostructures.  To  improve  device 
characterization  and  performance,  and  for  a  better  understanding  of  the  basic  physics  of  semicon¬ 
ductor  interfaces,  there  is  an  increasing  demand  for  nanometer-scale  probes,  all  the  way  down  to 
the  atomic  level,  of  the  spatial  and  electronic  properties  of  m-s  junctions  and  semiconductor 
heterostructures. 

Among  the  variety  of  scanning  probe  microscopy  techniques,  Ballistic  Electron  Emission 
Microscopy  (BEEM),  a  three-terminal  modification  of  Scanning  Tunneling  Microscopy  (STM),  is 
a  powerful  low-energy  tool  for  nondestructive  local  characterization  of  semiconductor  heterostruc¬ 
tures.  The  STM  metal  tip  (emitter)  injects  electrons  across  the  tunneling  gap  into  the  metal  (base) 
layer  deposited  on  a  semiconductor.  A  third  terminal  on  the  sample  back  is  used  to  collect  those 
electrons,  which  traverse  the  interface.  A  schematic  of  the  BEEM  experimental  set-up  is  shown  in 
Fig.  1.  In  the  conventional  STM  study  of  semiconductors,  the  tunneling  is  usually  between  the 
metal  tip  and  the  doped  semiconductor  layers.  In  contrast,  the  BEEM  technique  provides  the 
carrier  filtration  at  the  m-s  interface,  since  only  the  electrons  that  can  traverse  the  metal  base  and 
overcome  the  Schottky  barrier  will  be  collected  at  the  semiconductor  substrate  (collector).  A  sche¬ 
matic  band  diagram  for  BEEM  is  shown  in  Fig.  2.  In  this  way,  the  energy  and  angular  distribution 
of  hot  electrons  can  be  controlled  independently  on  the  semiconductor  structure  by  simply  varying 
the  tip  potential.  In  addition,  the  BEEM  technique  holds  the  extremely  high  spatial  resolution  of 
the  scanning  tunneling  microscopy  (~few  nm).  Thus  BEEM  provides,  in  complement  to  the 
surface  morphology,  a  combination  of  low-energy  electron  microscopy  and  spectroscopy  with 
high-spatial  and  energy  resolution. 

Since  the  pioneering  work  of  Kaiser  and  Bell  [1],  applications  of  BEEM  to  various  semiconduc¬ 
tor  surfaces  and  interfaces  have  already  produced  many  interesting  results  (early  BEEM  research 
was  previously  reviewed  in  Refs.  [2,3]).  It  was  shown  that  the  magnitude  of  the  transmitted  current 
into  the  substrate  depends  strongly  on  the  local  properties  of  the  interface  [4,5]  as  well  as  the 
scattering  properties  of  the  overlying  metal  film  [6,7],  In  epitaxial  CoSi2/Si  structures,  atomic 
BEEM  resolution  was  observed  [8],  and  this  effect  of  electron  beam  focusing  was  attributed  to  be 
due  to  the  silicide  band  structure  [9].  The  capability  of  BEEM  to  probe  the  electronic  properties  of 
semiconductors  on  the  local  scale  has  been  demonstrated  in  several  systems  including  InAs/GaAs 
[10],  Si  p-n  junction  [11]  and  SiGe  strained  layers  [12],  It  was  shown  that  the  high-bias  BEEM 
spectroscopy  could  be  used  as  a  local  density-of-states  (DOS)  spectroscopy  in  semiconductors 
[13,14],  By  using  BEEM,  Schottky  barrier  and  band  structure  characterization  was  conducted  in 
technologically  important  semiconductors  such  as  GaP  [7],  GalnP  [15,16],  GaN  [17-19],  GaAsN 
[20]  and  SiC  [21,22], 

Although  the  BEEM  technique  was  originally  invented  as  a  unique  microscopic  and  spectro¬ 
scopic  method  to  probe  the  Schottky  barriers  on  a  local  scale  [23],  it  has  been  successfully  used 
to  study  the  electronic  properties  of  buried  heterojunctions  [24],  BEEM  was  successfully  applied 
to  metal-insulator-semiconductor  (MIS)  structures  to  study  the  transport  related  oxide  properties 
on  a  microscopic  scale  in  buried  CaF2/Si  [25]  and  Si02/Si  [26].  In  Si02-based  metal-oxide- 
semiconductor  (MOS)  structures,  BEEM  was  used  to  study  the  quantum  interference  clTccts  and 
trapped  charge  distribution  that  is  very  important  for  the  operation  of  MOS  field-eficct  transistors 
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Fig.  1.  A  schematic  of  BEEM  experimental  setup. 

Fig.  2.  Schematic  band  diagram  of  a  BEEM  experiment.  Inset  shows  a  generic  BEEM  spectrum. 


[27,28].  Recently,  significant  progress  was  accomplished  in  establishing  BEEM  as  an  effective 
method  for  measuring  semiconductor  heterojunction  offsets  [29-31],  for  measuring  resonant 
transport  through  single  barrier  [32],  double-barrier  [33]  and  superlattice  resonant  tunneling 
heterostructures  [34,35],  for  investigation  of  hot  carrier  transport  in  low-dimensional  nanostruc¬ 
tures  such  as  quantum  wires  [36,37]  and  quantum  dots  [38-40],  as  well  as  for  imaging  of  defects 
buried  below  the  surface  [41-43].  In  order  to  amplify  the  BEEM  capabilities,  some  apparatuses  are 
operated  in  ultra  high  vacuum  (UHV)  [8,25,44]  (the  main  advantages  are  cleaning  of  the  semicon¬ 
ductor  surface,  metal  deposition  under  UHV  conditions,  Schottky  contacts  and  STM  tips  by  using 
the  metals  and  semiconductors  that  are  unstable  towards  oxide  formation)  and  at  low  (helium) 
temperatures  [45,46]  (the  main  advantages  are  enhanced  energy  resolution  of  BEEM  and  reduc¬ 
tion  of  thermal  noise  and  lateral  drift). 


2.  BEEM  transport 

2.1.  General  BEEM  description 

The  spectral  shape  of  the  BEEM  current  has  to  be  known  in  order  to  derive  a  Schottky  barrier 
height  or  heterostructure  band  alignment.  A  number  of  the  theoretical  models  have  been  proposed 
to  describe  the  BEEM  spectrum  in  the  threshold  region.  Two  commonly  used  models,  based  on 
a  planar  tunneling  formalism  [47]  and  on  transverse  momentum  conservation  at  the  m-s  interface, 
are  the  Bell-Kaiser  (BK)  model  [1]  and  the  Ludeke-Prietsch  (LP)  model  [48],  In  the  BK  model, 
for  parabolic  energy  bands  in  the  semiconductor,  the  near-threshold  BEEM  current  varies  as 
h  ~  (Pi  —  Vs)2,  where  V,  is  the  applied  tip-to-base  voltage  and  Vs  is  the  Schottky  barrier 
magnitude  [2],  This  model  was  found  to  adequately  describe  the  BEEM  spectra  for  the  Au/Si 
system  [1].  In  the  LP  model,  the  theory  is  extended  to  include  the  energy-dependent  electron  mfp 
in  the  metal  base  layer  and  quantum  mechanical  transmission  (QMT)  at  the  m-s  interface.  The 
near-threshold  dependence  7C~(F,  -  Ps)5/2  in  this  model  differs  somewhat  from  the  BK  model 
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result.  It  was  reported  in  Ref.  [48]  that  the  best  fit  for  metal/GaP  BEEM  data  was  obtained  with 
the  5/2-power  law.  Also,  the  BEEM  spectra  of  Au/GaAs  were  fitted  by  the  5/2-power  law  [49]. 
However,  even  though  the  BEEM  correction  due  to  the  QMT  is  important,  the  quantitative 
difference  between  the  BK  and  the  LP  models  is  comparable  with  the  experimental  error,  and  both 
of  them  can  frequently  fit  the  experimental  data  reasonably  well  [2,29,50,51].  Note  that  the 
assumption  about  7C  ~(Ft  —  Vs)2  (or  Ic  ~  (Ft  —  Fs)5/2  in  the  case  of  the  square-root  contribution 
of  the  QMT)  dependence  is  valid  only  close  to  threshold,  while  increasing  deviations  are  expected 
for  higher  tip-to-base  voltages.  The  main  mechanisms  responsible  for  these  deviations  are  a  volt¬ 
age-dependent  energetic  distribution  of  the  tunneling  current,  carrier  scattering  in  the  metal 
overlayer  as  well  as  carrier  scattering  and  impact  ionization  in  the  semiconductor  substrate  [2], 

A  method  for  computation  of  the  quantum  mechanical  transmission  probability  (QMTP) 
from  plane  interfaces  was  presented  in  Ref.  [52].  This  method  was  applied  to  calculate  the  QMTP 
at  the  metal/Si(100)  and  metal/Si(lll)  interfaces  at  the  Schottky  barrier  maximum.  It  was  shown 
that  the  QMTP  depends  on  the  crystal  orientation  and  the  location  of  the  band  maximum.  Later, 
a  more  accurate  BEEM  model  was  developed  [53,54]  and  was  compared  with  the  experimental 
results  for  Au/Si(100)  [55]  and  Au/Si(l  1 1)  [56,57],  The  model  employs  an  effective  mass  approach 
generalized  to  permit  for  non-diagonal  mass  tensors  and  for  indirect  conduction  band  minima.  The 
impact  of  this  quantum  mechanical  modeling  on  the  BEEM  current  has  been  probed  by  Monte 
Carlo  simulations  (adopting  the  course  developed  in  Ref.  [56])  using  bulk  material  parameters  for 
all  layers,  and  an  average  reduction  of  the  BEEM  current  of  20%  was  obtained. 

Recently,  an  extension  of  the  BEEM  theory  for  the  case  of  buried  heterostructures,  was 
performed  by  Smith  and  Kogan  (SK)  [58].  In  the  SK  model,  the  authors  considered  the  QMT  at 
the  buried  heterojunction  interface  in  addition  to  the  m-s  interface.  In  addition,  the  authors  have 
shown  that  the  second  voltage  derivative  of  the  BEEM  spectra  should  reflect  the  transmission 
probability  of  the  semiconductor  heterojunction,  and,  therefore,  is  very  informative  for  the 
characterization  of  the  structure.  For  the  case  of  the  GaAs/AlGaAs  systems  [5,33],  the  experi¬ 
mentally  obtained  second  derivatives  (SD)  of  the  BEEM  current  give  peaked  structure,  which  could 
be  associated  with  the  various  calculated  heterostructure  transmission  channels. 

In  the  generalized  BEEM  description,  four  consecutive  processes  are  usually  considered: 
(i)  tunneling  from  the  tip  to  the  metal  base  layer,  (ii)  hot  electron  transport  through  the  metal  base 
layer,  (iii)  transmission  across  the  m-s  interface  (carriers  must  have  enough  energy  and  appropriate 
momentum  in  order  to  cross  the  Schottky  barrier  and  reach  the  semiconductor),  and  (iv)  transport 
inside  the  semiconductor  that  can  include  the  transmission  across  the  heterojunction  interfaces. 
For  the  case  of  a  buried  heterostructure,  only  those  electrons  that  pass  through  the  m-s  interface 
and  are  also  transmitted  by  the  heterostructure  contribute  to  the  collector  current.  In  this 
case,  the  collector  current  can  be  written  as  a  product  of  the  electron  flux  distribution  right  before 
the  semiconductor  and  the  transmission  coefficients  of  the  m-s  interface  and  heterostructure  [59]: 

Ic=eAY  Fx(k')Tv'(k\  kb)D(kb)T'(kb,  /csb)Th(*sb) ,  (1) 

where  A  is  the  sample  area,  e  is  the  electron  charge,  Fx  is  the  surface  normal  electron  flux  in  the  tip 
due  to  the  state  labeled  by  wavevector  k\  Tv'{kl,kb)  is  the  voltage-dependent  transmission  coeffic¬ 
ient  for  the  state  in  the  STM  tip  with  wavevector  kl  to  tunnel  through  the  vacuum  into  the  base 
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state  with  wavevector  kb  (determined  from  /('  by  energy  and  surface  normal  wavevector  conserva¬ 
tion)  calculated  using  the  WKB  approximation.  D(kb)  =  e~SJi  is  the  probability  of  the  electron 
traversing  the  base  without  scattering,  where  <5b  is  the  thickness  of  the  base  and  £  is  the  mean  free 
path  in  the  base.  The  product  F\{k')Tv{k\kb)D(kb )  is  the  interface  normal  electron  flux  incident  on 
the  m-s  interface  due  to  the  state  in  the  STM  tip  labeled  by  kl.  T\kb,  /tsb)  is  the  transmission 
coefficient  for  the  m-s  interface  and  Th(/rsb)  is  the  transmission  coefficient  for  the  semiconductor 
heterostructure. 

Note  that,  since  there  is  a  certain  electron  filtration  for  each  of  the  aforementioned  four  steps, 
the  collected  BEEM  current  is  typically  smaller  than  the  tunneling  current  by  several  orders  of 
magnitude,  depending  on  the  structure  under  study.  Also,  applying  forward  tip-to-base  bias  (the  tip 
is  more  positive  than  the  metal  base  layer),  electron  tunneling  is  possible  from  the  base  to  the  tip, 
creating  the  ballistic  hole  distribution  in  the  base.  Therefore,  allowing  the  collector  to  be  a  p-type 
semiconductor  substrate,  one  can  collect  the  above-threshold  hole  current  in  a  manner  quite 
similar  to  the  case  of  electron  injection.  In  this  way,  the  BEEM  theory  can  be  extended  for  the  case 
of  hole  injection,  with  a  slight  difference  that  the  energy  distribution  of  ballistic  holes  are  peaked 
towards  the  base  Fermi  level.  The  details  of  the  ballistic  hole  emission  microscopy  (BHEM)  and 
spectroscopy  (BHES)  can  be  found,  for  example,  in  Refs.  [60,61]. 

2.2.  Impact  ionization  effect  in  semiconductors 

Impact  ionization  in  the  semiconductor  can  contribute  to  the  BEEM  current  at  high  voltages  if 
energy  loss  in  the  metal  film  is  weak  so  that  the  electrons  reach  the  interface  with  the  energy  above  the 
threshold  for  impact  ionization  in  the  semiconductor  [62].  An  additional  onset  of  impact-ionized 
electrons  in  the  BEEM  current  was  observed  at  V,  ~3V  in  Au/Si  [51]  and  CoSi2/Si  [63],  For 
Au/GaP  [7],  this  effect  was  found  to  be  important  in  describing  the  BEEM  data  for  12  A  Au 
film  whereas  for  50  A  film,  impact  ionization  was  not  important,  due  to  strong  inelastic  scattering 
of  hot  electrons  in  the  metal  layer  at  high  voltages. 

The  effect  of  impact  ionization  was  studied  in  NiSi2/Si(l  1 1)7  x  7  over  a  wide  energy  range  (up  to 
F,  ~  8F)  [44,64].  To  eliminate  the  effect  of  elastic  and  inelastic  scattering  in  the  metal  film,  the 
BEEM  spectra  were  taken  in  pinholes  of  thin  NiSi2  films  where  the  modified  Si(ll  1)7  x  7  surface 
being  an  ultrathin  metallic  layer.  Fig.  3  shows  a  representative  BEEM  spectrum  taken  in  a  pinhole 
of  a  22  A  thick  B-type  NiSi2  film.  The  spectrum  is  decomposed  into  a  primary-  and  a  secondary- 
electron  part  resulting  from  impact  ionization.  The  quantum  yield  of  impact  ionization  in  Si  (curve 
(c)  in  Fig.  3)  was  determined  by  decomposition  of  the  BEEM  current  into  secondary-  and 
primary-electron  contributions,  and  a  good  agreement  with  Monte  Carlo  simulations  [65]  was 
found.  In  addition,  it  was  found  that  the  secondary  electron  current  starts  at  eVt  ss  1.5£g,  where 
Eg  is  the  semiconductor  bandgap,  in  accordance  with  the  theoretical  predictions  [66], 

2.3.  Image  potential  effect 

The  effect  of  phonon  scattering  in  the  semiconductor  on  the  ballistic  transport  across  the 
Schottky  barrier  was  studied  theoretically  [67]  and  experimentally  [55,68].  The  authors  distin¬ 
guished  between  the  metallurgical  m-s  interface  and  the  Schottky  barrier  maximum  resulting  from 
the  image  potential  effect.  In  this  way,  the  Schottky  barrier  is  not  spatially  abrupt,  but  exhibits 
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Fig.  3.  BEEM  spectrum  for  a  22  A  B-type  NiSi2  layer  on  Si(l  1  1)7  x  7  taken  within  a  pinhole,  curve  (a).  The  dashed  curve 
(b)  is  a  fitted  spectrum  of  the  primary  electron  current.  The  difference  (a)-(b)  represents  the  secondary  electron  current 
arising  from  electron-hole  pairs  generated  through  impact  ionization.  This  difference  divided  by  (b),  shown  as  the  dotted 
curve  (c),  is  the  experimentally  determined  quantum  yield  yimp.  The  solid  curve  (d)  is  a  calculation  based  on  the  model  in 
Ref.  [66]  (from  Ref.  [64]). 


Fig.  4.  The  effect  of  the  image  potential  on  the  Schottky  barrier  lowering  and  on  the  shift  of  the  potential  maximum  of  the 
barrier. 


a  smooth  hydrogen-like  variation  (see  Fig.  4).  In  the  case  of  band  bending,  this  results  in  a  lowering 
of  the  effective  barrier  height  by  A Es  «  ^e6ND£s/(8rc2(es£0)3),  where  iVD  is  the  doping  concentra¬ 
tion  of  the  semiconductor,  and  in  the  barrier  maximum  shifting  away  from  the  interface  by 
A z  «  ^/e2/(2l0n2essNEs)  [2].  Electrons  with  energies  just  over  the  threshold  for  transmission  that 
excite  phonons  in  the  region  before  the  Schottky-barrier  maximum  are  expected  to  have  a  high 
probability  of  reentering  the  metal  [55],  It  was  shown  that  while  QMTP  alone  adds  ~  Eil2 
dependence,  the  combined  effect  of  optical  phonon  scattering  and  quantum  mechanical  scattering 
gives  a  much  weaker  energy  dependence  than  for  either  effect  alone  for  the  cases  of  Au/Si  and 
Au/GaAs  at  both  T  =  11  and  300  K  [67], 

While  the  image  potential  effect  on  the  effective  Au/GaAs  Schottky  barrier  is  mostly  insignific¬ 
ant,  its  effect  on  the  barrier  maximum  shift  has  much  more  important  consequences.  Indeed, 
assuming  ND  =  5  x  1015  cm-3,  es  =  12,  Es  =  0.95  eV  at  T  =  300  K  for  a  typical  Au/GaAs 
Schottky  contact,  we  obtain  A E  «  20  meV  and  Az  ss  30  A.  A Es  of  20  meV  will  not  noticeably  affect 
our  measurements  since  it  is  only  ~  2%  of  the  Schottky  barrier  height  and  is  comparable  with  the 
experimental  error  of  ~30  meV.  On  the  other  hand,  Az  of  30  A  is  comparable,  and  even  longer, 
than  the  expected  mfp  length  for  the  X -electrons  ( ~10  A  at  T  =  300  K  [43]),  and,  therefore,  can 
affect  this  transport  channel  very  effectively.  It  was  confirmed  in  our  BEEM  study  of  the  Au/GaAs 
system,  where  a  strong  attenuation  of  the  electron  transport  through  the  X  valley  was  observed  [5], 

The  effect  of  phonon  scattering  beyond  the  Schottky-barrier  maximum  on  the  magnitude  of  the 
BEEM  current  depends  on  the  build-in  electric  field  strength,  i.e.  on  the  doping  density  of  the 
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semiconductor.  The  effect  of  the  image  potential  on  the  Schottky  barrier  reduction  under  reverse 
bias  applied  was  studied  in  Au/Si  [68].  The  increase  of  the  collection  efficiency  under  applied 
reverse-bias  ( ~  10%  increase  of  the  collection  efficiency  at  a  3  V  reverse-bias  voltage)  was  ex¬ 
plained  by  a  reduction  of  the  energy-dependent  backscattering  of  electrons  in  the  depletion  layer. 
In  another  study,  it  was  also  shown  that  the  electron  backscattering  into  the  metal  due  to  the 
interactions  with  phonons  inside  the  depletion  layer  near  the  interface  is  very  important  for  an 
adequate  description  of  the  BEEM  spectra  in  the  Au/Si  system  [69]. 

2.4.  Carrier  scattering  at  the  metal-semiconductor  interface 

While  the  original  model  has  been  subsequently  generalized  to  include  effects  such  as  quantum 
mechanical  transmissions  at  the  m-s  interface  and  in  buried  semiconductor  heterostructures,  the 
assumption  of  transverse  wavevector  conservation  at  the  m-s  interface  has  been  mostly  main¬ 
tained.  Using  such  models  good  fits  to  threshold  data  have  been  achieved  for  a  number  of 
metal/semiconductor  systems.  However,  even  if  the  assumption  of  transverse  wavevector  conserva¬ 
tion  at  the  metal-semiconductor  interface  may  be  optimistically  justified  at  epitaxial  interfaces  such 
as  CoSi2/Si  and  NiSi2/Si,  it  is  very  questionable  for  the  case  of  nonepitaxial  m-s  interfaces  where 
the  interface  is  far  from  the  atomically  abrupt,  such  as  Au/GaAs  or  Au/Si  that  are  prototypes  for 
nonepitaxial  metal  interfaces  on  direct  and  indirect  bandgap  semiconductors,  respectively.  In  this 
case,  the  carrier  transport  across  the  m-s  interfaces  may  be  quasi-diffusive  rather  than  ballistic  due 
to  the  carrier  scattering  at  these  interfaces. 

2.4.1.  Nonepitaxial  Au/Si  and  Au/GaAs 

Tunneling  predominantly  injects  forward-directed  electrons  with  small  interface  parallel 
wavevector  components  into  the  metal  film.  As  shown  in  Fig.  5,  for  Si(lll),  for  which  all  of  the 
CBM  have  large  parallel  wavevectors,  there  are  no  states  available  for  transmission  at  the  center  of 
the  interface  Brillouin  zone  (BZ),  while  for  Si(100),  for  which  two  of  the  conduction  valleys  have  zero 
parallel  wavevector,  there  are  states  available  both  at  the  zone  center  and  in  off-axis  band  minima. 
Thus,  the  Au/Si(l  11)  BEEM  current  is  expected  to  be  much  weaker  than  that  for  Au/Si(100)  if  the 
electron  transport  is  essentially  ballistic  through  the  m-s  interface  [59],  This  predicted  difference  was 
not  confirmed  in  the  BEEM  experiments.  A  deviation  from  the  ballistic  picture  was  experimentally 
observed  for  Au/Si  [1,70,71],  and  Pd/Si  [13]  systems,  where  essentially  the  same  BEEM  spectra  were 
observed  for  Si(001)  and  Si(lll)  substrates  (see  Fig.  6(a)),  in  conflict  with  conventional  BK  theory 
which  predicts  a  significantly  different  spectra  for  the  two  orientations. 

With  the  same  argumentation  for  the  case  of  Au/GaAs(100),  the  calculated  current  into  valleys 
with  zero  parallel  wavevector  at  the  minimum  (e.g.,  the  F  valley),  is  predicted  to  be  much  larger 
than  the  calculated  current  into  valleys  with  large  parallel  wavevector  at  the  minimum  (e.g.,  the 
L  valleys)  [59].  In  BEEM  experiments  on  Au/GaAs,  three  thresholds  were  observed  and  were 
attributed  to  the  electron  transmission  into  F,  L  and  X  valleys  [29,49].  Six  fitting  parameters  were 
commonly  used  to  describe  the  BEEM  measurements  in  GaAs  (AlGaAs),  one  threshold  energy  and 
one  scaling  factor  for  each  of  the  three  valleys.  And  though  the  comparison  of  the  multiple  BEEM 
thresholds  with  the  expected  composition  dependence  of  the  GaAs  F,  L,  and  X  conduction  band 
position  yielded  reasonably  good  agreement  over  the  entire  compositional  range,  the  scaling 
factors  differ  significantly  from  the  expected  ones,  as  shown  in  Fig.  6(b).  In  fact,  the  F  channel 
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Fig.  5.  Schematic  representation  in  k  space  of  the  projection  of  the  six  Si  CBM  onto  the  (1  00)  and  (1 1 1)  interfaces.  The 
transverse  wave  vectors  of  the  incident  electrons  must  lie  within  the  shaded  regions  in  order  to  satisfy  energy  and 
transverse  momentum  conservation  laws.  It  is  clear  from  the  diagram  that  for  energies  just  above  the  CBM,  electrons 
with  near  zero  transverse  momenta  can  cross  a  Si(l  00)  interface  but  are  reflected  back  into  the  metal  at  a  Si(l  1 1) 
interface  [72]. 

Fig.  6.  (a)  Comparison  of  the  calculation  for  Au/Si(l  00)  (dashed  line)  and  Au/Si(l  1  1)  (solid  line)  with  the  experimental 
results  for  Au/Si  of  Refs.  [86,87],  These  measurements  were  made  on  Au/Si(l  1  1)  but  measurements  for  Au/Si(l  00)  are 
very  similar  to  those  for  Au/Si(l  1  1)  (see  Refs.  [70,102]).  (b)  Comparison  of  the  calculation  for  Au/GaAs(l  00)  with  the 
experimental  results  of  Ref.  [29].  The  dot-dashed  line  shows  the  T,  the  long-dashed  line  shows  the  L,  the  short-dashed 
line  shows  the  X  contribution  to  the  BEEM  current,  and  the  solid  line  shows  the  sum  of  the  three  [85], 


contribution  to  the  collector  current  was  found  to  be  much  smaller  than  the  L  channel  contribution 
[1,29,49].  The  BEEM  current  into  the  L  valley  was  explained  in  terms  of  possible  breakdown  of  the 
transverse  momentum  conservation  at  the  m-s  interface  [5,29,49].  In  Au/GaAs/AlAs  [49],  two 
thresholds  were  associated  with  the  contribution  from  the  X  and  L  valleys  of  AlAs.  Complement¬ 
ary  Monte  Carlo  simulations  give  a  good  agreement  with  the  experiment  if  one  assumes  transverse 
momentum  conservation  at  the  GaAs/AlAs  interface  and  its  non-conservation  at  the  Au/GaAs 
interface. 

2.4.2.  Epitaxial  CoSi2/Si  and  NiSi2/Si 

Epitaxial  metallic  disilicide-silicon  films  such  as  NiSi2  and  CoSi2  on  Si  can  be  grown  with 
atomically  abrupt  and  structurally  perfect  interfaces  either  by  the  Tung  template  method  [72,73]  or 
by  stoichiometric  coevaporation  of  Co  and  Si  at  room  temperature  and  subsequent  annealing 
[74,75].  In  these  systems,  the  role  of  the  transverse  momentum  conservation  at  the  m-s  interface 
was  explicitly  studied  in  a  number  of  BEEM  experiments.  While  the  assumption  of  transverse 
momentum  conservation  was  justified  in  some  cases,  a  certain  deviation  from  the  behavior, 
expected  if  transverse  momentum  fc|(  is  conserved,  was  observed  in  other  cases. 

The  BEEM  current  depends  strongly  not  only  on  the  Schottky  barrier  but  also  on  the  electronic 
band  structure  of  the  material  under  study.  Based  on  their  band  structure  calculations,  Stiles  and 
Hamann  [76]  have  predicted  a  delayed  onset  of  the  BEEM  current  for  the  CoSi2/Si(lll)  system 
where  there  are  no  states  in  the  silicide  with  /cM  large  enough  to  match  the  silicon  CBM  up  to  0.85 
eV  above  £F  (Schottky  barrier  for  this  system  is  ~  0.66  eV).  Fig.  7  shows  schematically  part  of  the 
distribution  of  states  in  both  materials  in  terms  of  their  energy  and  parallel  wavevector  in  the 
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Fig.  7.  Phase  space  for  electron  transmission  through  a  CoSi2/Si(l  1  1)  interface.  The  panels  show  the 
irreducible  wedge  of  the  interface  Brillouin  zone  of  both  CoSi2  and  the  Si.  At  each  parallel  wave  vector  used  in 
the  calculation  there  is  an  open  circle  if  there  is  at  least  one  state  at  that  energy  in  the  CoSi2  and  a  plus  if  there  is 
at  least  one  state  in  the  Si.  If  there  is  a  state  in  both,  the  open  circles  fill  in  and  become  closed  circles  [76]. 


interface  BZ.  In  agreement  with  this  prediction,  Kaiser  et  al.  [74]  have  measured  the  BEEM 
spectra  in  this  system  in  a  glove  box  and  found  a  delayed  onset  of  ~0.85  eV,  close  to  the  calculated 
value.  The  observation  of  this  effect  was  considered  as  a  strong  evidence  for  the  transverse 
momentum  conservation  in  the  CoSi2/Si(lll)  system. 

Later,  Sirringhaus  et  al.  [75,77,78]  observed  individual  interfacial  dislocations  by  conducting  the 
BEEM  imaging  and  spectroscopy  on  strain-relaxed  CoSi2  layers.  The  dislocations  were  also 
observed  in  STM  images  because  the  strain  field  around  each  dislocation  aot  the  interface  causes 
a  distortion  of  the  surface.  The  sharp  BEEM  dislocation  profiles  ( ~  10  A  resolution  for  a  25 
A  CoSi2  film)  in  CoSi2/Si(l  1 1)  imply  that  the  electron  transport  in  the  silicide  is  essentially  ballistic. 
This  was  also  corroborated  by  the  observation  of  the  quantum  size  effect  [8,79].  Thus  it  was 
concluded  that  most  of  the  electrons  reach  the  CoSi2/Si  interface  with  /c||  ~  0.  The  increase  of  the 
BEEM  current  on  the  dislocation  was  explained  by  increased  interfacial  scattering  at  the  disloca¬ 
tion  core  that  supplies  electrons  with  a  large  transverse  momentum  to  transmit  into  the  silicon 
CBM.  This  scattering  broadens  the  k\\  momentum  distribution,  and  thus  facilitates  the  electron 
transmission.  In  addition,  if  k N  is  conserved  away  from  dislocations,  the  electron  scattering  will  not 
be  beneficial  in  the  case  of  positive  biasing  of  CoSi2/p-Si(lll),  where  holes  are  injected  into  the 
zone-centered  valence  band.  In  accordance  with  expectations,  in  the  latter  case  the  BEEM  current 
at  dislocations  and  at  isolated  defects  was  lower  than  that  in  a  defect-free  region  [80]. 


458 


V.  Narayanamurti,  M.  Kozhevnikov  /  Physics  Reports  349  (2001)  447-514 


0 


-JO 


-20 


-30 


-40 


Fig.  8.  Average  of  14  BEEM  spectra,  and  corresponding  first  derivative  spectra,  taken  on  top  of  an  interfacial  point 
defect  (diamonds)  and  in  a  defect-free  area  (circles).  The  spectra  were  measured  with  a  tunneling  current  of  /t  =  20  nA, 
and  are  normalized  to  /,  —  1  nA  [82]. 


However,  in  all  in-situ  measurements  of  Sirringhaus  et  al.  [81],  a  homogeneous  BEEM  onset  of 
~0.66  eV  was  found  (corresponding  to  the  Schottky  barrier)  in  dislocation-  and  defect-free 
regions,  and  it  was  explained  by  a  small  but  finite  scattering  probability  everywhere  at  the  epitaxial 
CoSi2/Si  interface.  Later,  better-spatially  resolved  BEEM  measurements  (where  /,  was  increased  to 
20  nA  to  allow  less  averaging  to  obtain  a  high  signal-to-noise  ratio),  revealed  that  both  onsets 
(~0.69  and  ~0.83  eV)  should  be  invoked  to  fit  the  BEEM  spectra  [82],  as  shown  in  Fig.  8.  One 
can  see  from  Fig.  9  that  the  amplitude  weight  of  the  lower  onset  is  highly  increased  in  the  presence 
of  the  interfacial  defects,  indicating  an  enhanced  scattering  probability.  Also,  in  the  case  of  epitaxial 
CoSi2/Si(lll)  and  CoSi2/Si(100),  similar  BEEM  current  magnitude  at  the  near  threshold  region 
was  observed  [41].  This  discrepancy  from  the  behavior  expected  if  k\\  is  conserved  was  explained 
by  the  combined  effect  of  small  interface  transmission  at  the  CoSi2/Si(100)  interface  and  the  broad 
momentum  distribution  injected  by  the  atomically  sharp  STM  tip. 

Another  epitaxial  system  with  an  abrupt  interface  is  NiSi2/Si(lll).  In  contrast  to  CoSi2/Si(lll), 
in  this  system  there  is  overlap  between  NiSi2  and  Si  states  at  all  energies  above  the  Schottky 
barrier,  and  transverse  momentum  conservation  cannot  be  manifested  just  from  a  shifted  threshold 
position.  However,  if  transverse  momentum  is  conserved,  a  very  soft  threshold  is  expected  for 
electron  transport  through  the  X  valley  with  large  parallel  wavevector,  and,  indeed,  a  soft  threshold 
was  found  in  Ref.  [44],  Another  manifestation  of  transverse  momentum  conservation  in 
NiSi2/Si(lll)  is  the  increase  of  BEEM  current  at  the  edges  of  the  Si  triangles  on  top  of  the  NiSi2 
terraces  [44].  In  the  presence  of  a  step  (at  the  edges  of  the  islands)  the  injected  electrons  are 
dispersed,  and  the  angular  distribution  is  expected  to  be  broader  thus  leading  to  a  larger 
transmission.  In  another  study  of  epitaxial  NiSi2/Si(lll)  system,  however,  the  deviations  of  the 
transmittance  spectra  of  NiSi2/Si(l  1 1)  from  the  theoretical  predictions  of  Ref.  [83]  were  observed 
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Fig.  9.  Topographic  STM  image  (a)  and  corresponding  BEEM  image  (b)  obtained  for  F,  =  1.7  V  and  /,  =  20  nA. 
A  total  of  100  x  9  BEEM  spectra  was  recorded  at  a  nominal  spacing  of  0.05  nrn.  The  elongated  shape  of  the  point  defect  is 
due  to  microscope  drift  during  the  measurement.  Each  spectrum  was  fitted  to  /C(F,)  =  Ri(Vt  —  #B1)2  +  ^2(^1  —  4>B2)2 
keeping  the  barriers  fixed  at  <Pm  =  0.69  eV  and  <PB2  =  0.83  eV.  The  scale  factor  R2  deduced  from  the  fit  is  shown  in  (c). 
Similarly,  the  scale  factor  R ,  is  displayed  in  (d).  Gray-scale  ranges  were  0.1  nm,A/c  =  200  pA  ,R2  =  28-84  pA/(eV)2,and 
Rt  =  14-42  pA/(eV)2  in  (a),  (b),  (c)  and  (d),  respectively  [82]. 


and  were  attributed  to  the  elastic  scattering  in  the  silicide  layer  [71].  It  was  found  that  while  the 
cross-sectional  TEM  and  X-ray  scattering  data  show  good  epitaxial  interfaces  and  silicide  layers, 
a  10%  scattering  in  the  silicide  should  be  assumed  (in  the  isotropic  point  defect  scattering  model)  to 
describe  the  experimental  BEEM  data.  It  was  concluded  that  scattering  broadens  the  momentum 
distribution  and  thus  averages  and  smoothes  the  effect  of  band  structure  predicted  by  theory. 

2.4.3.  Scattering  models 

Several  models  were  employed  to  describe  the  observed  deviation  from  the  ballistic  picture  in 
BEEM  experiments  on  metal/Si  and  metal/GaAs  systems. 

Ke  et  al.  [49]  used  a  Monte  Carlo  technique  to  simulate  the  I-V  curve  of  the  BEEM  measure¬ 
ments  in  Au/GaAs  and  Au/GaAs/AlAs.  Four  physical  processes  were  taken  into  account:  electron 
tunneling  from  the  tip  to  metal  surface,  elastic  and  inelastic  scattering  in  the  metal  base  layer, 
electron  transmission  through  the  interface  and  impact  ionization  inside  the  semiconductor 
depletion  layer.  It  was  shown  that  the  experimentally  observed  large  BEEM  current  through  the 
L  valley  can  be  explained  only  assuming  strong  scattering  at  the  m-s  interface.  Good  agreement 
between  Monte  Carlo  simulations  and  experimental  data  was  obtained  by  assuming  the  square- 
root  energy  dependence  of  the  electron  transmission  at  the  interface  for  all  valleys,  regardless  of 
their  projection  in  the  (001)  direction. 

Guthrie  et  al.  [84]  have  developed  a  dynamic  BEEM  model,  where  in  addition  to  directional 
(kinematic)  constraints,  the  amplitude  effects  were  incorporated  by  considering  the  quantum 
mechanical  transmittance  and  elastic  scattering  in  the  base  and  at  the  m-s  interface.  It  was  shown 
that  as  the  scattering  probability  increases  (i.e.  a  planar  distribution  is  replaced  by  an  isotropic 
distribution)  the  Au/Si(l  1 1)  BEEM  current  increases  whereas  the  Au/Si(100)  current  decreases.  In 
addition,  the  BEEM  spectral  shape  is  also  sensitive  to  the  scattering  probability.  The  model  gives 
a  good  fit  to  the  experimental  data  for  both  Au/Si(l  11)  and  Au/Si(l  00)  if  the  scattering  probability 
at  the  m-s  interface  exceeds  50%.  Also,  including  the  effect  of  an  energy-dependent  quantum 
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transmittance  improves  the  fit  in  the  near-threshold  region.  In  the  case  of  Au/GaAs(100),  the 
BEEM  current  through  the  r  valley  decreases  strongly  as  the  scattering  strengthens,  without  any 
spectral  shape  change.  From  fitting  the  experimental  data,  it  was  difficult  to  determine  the  extent  of 
the  electron  scattering  since  the  BEEM  spectral  shape  is  not  sensitive  to  the  scattering,  and  the 
scaling  factor  can  be  strongly  modified  by  the  surface  passivation  and  the  effect  of  electron 
scattering  in  the  metal  overlayer. 

To  analyze  quantitatively  the  experimental  data,  the  m-s  interface-induced  scattering  (MSIS) 
model  was  proposed  in  Ref.  [85].  The  authors  showed  that  the  experimental  data  for  Au/Si  and 
Au/GaAs  systems  could  be  fitted  only  by  taking  into  account  of  the  strong  carrier  scattering  at  the 
m-s  interface.  Recently,  to  quantitatively  analyze  the  electron  scattering  at  the  m-s  interface,  this 
model  was  modified  to  include  anisotropy  of  the  electron  effective  mass,  the  energy  dependence  of 
the  electron  mfp  in  the  metal  base,  and  finite  temperature  [59].  In  this  model,  the  conduction 
process  is  described  by  carrier  multivalley  transport  with  corrections  due  to  the  scattering  at  the 
m-s  interface,  which  depends  on  the  m-s  scattering  probability.  When  interface  scattering  is 
considered,  the  BEEM  current  is  given  by  [59] 


Ic  =  eA£  F'l(k')Tv'(k\kb)D(kb) 
*■ 


T'(/cb,/<sb)Th(/tsb)  +  £  Pk\kfT(kb,ksb)T\ksb) 
f 


(2) 


where  Pk*y  is  the  probability  for  the  electron  with  the  wavevector  kb  to  be  scattered  into  the  state 
labeled  by  the  wavevector  lcf.  The  first  and  second  terms  in  brackets  correspond  to  electrons  that 
are  not  scattered  and  that  are  scattered,  respectively.  In  the  weak  scattering  limit,  the  MSIS  model 
is  essentially  equivalent  to  the  SK  model. 

In  this  model,  if  scattering  at  the  m-s  interface  is  strong,  the  injected  electron  flux  is  redistributed, 
and  valleys  with  zero  interface  transverse  wavevector  at  their  energy  minimum  are  not  preferen¬ 
tially  weighted.  Instead  the  weighting  goes  like  the  density  of  final  states  for  the  scattering  process. 
Fig.  10  compares  the  calculated  BEEM  current  in  the  strong  and  in  the  weak  scattering  limits  for 
Au/Si  with  the  experimental  results  of  Refs.  [86,87],  One  can  see  that  the  experimental  data  can  be 
described  adequately  without  fitting  parameters  only  in  the  strong  scattering  limit.  In  BEEM  on 
Au/GaAs,  the  calculated  T  channel  contribution  is  much  larger  than  the  L  channel  contribution  to 
the  collector  current  in  the  weak  scattering  limit,  whereas  the  L  channel  contribution  is  much  larger 
than  the  T  channel  contribution  in  the  strong  scattering  limit  (see  Fig.  11).  Scaled  threshold  shapes 
are  similar  in  the  weak  and  strong  scattering  limits  for  conduction  band  valleys  that  make 
a  circular  projection  on  the  interface  plane,  such  as  r  and  X  valleys.  For  conduction  band  valleys 
that  make  a  strongly  anisotropic  projection  on  the  interface  plane,  such  as  the  L  valleys  of 
GaAs(lOO),  the  calculated  L  channel  currents  have  significantly  different  threshold  shapes  in  the 
two  limits,  as  shown  in  Fig.  12.  When  the  calculations  are  done  in  a  spherical  approximation,  the 
threshold  shapes  are  similar  in  the  two  limits  and  look  like  the  result  of  the  more  complete 
anisotropic  model  in  the  strong  scattering  limit. 

Recently,  the  electron  scattering  at  the  m-s  interface  was  studied  experimentally  in  the 
Au/GaAs/AlxGa!_xAs  system  by  using  SD-BEEM  spectroscopy  [5].  The  SD-BEEM  spectrum  is 
proportional  to  the  heterostructure  transmission  coefficient  [58],  and  is  particularly  useful  both  for 
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Fig.  10.  Comparison  of  the  calculation  in  the  strong  scattering  limit  for  Au/Si(l  00)  (dashed  line)  and  Au/Si(l  1  1)  (solid 
line)  with  the  experimental  results  for  Au/Si  of  Refs.  [86,87].  These  measurements  were  made  on  Au/Si(l  1  1)  but 
measurements  for  Au/Si(l  00)  are  very  similar  to  those  for  Au/Si(l  1  1)  (see  Refs.  [70,102]).  The  inset  (referenced  earlier  in 
our  paper  as  Fig.  6(a))  compares  the  calculation  in  the  weak  scattering  limit  to  the  same  experimental  results  [85]. 


Fig.  1 1.  Calculated  ratio  of  collector  to  tunneling  current  as  a  function  of  bias  for  the  three  conduction  band  channels  of 
Au/GaAs(100)  in  the  weak  scattering  limit  (upper  panel)  and  in  the  strong  scattering  limit  (lower  panel)  [59]. 


separating  the  contributions  from  various  conduction  band  channels  and  for  analyzing  the 
threshold  shapes.  The  analysis  of  the  SD-BEEM  spectral  shape  is  more  effective  than  just 
the  BEEM  current  magnitude  because  the  absolute  value  of  the  BEEM  current  could  be  scaled 
by  the  fluctuations  in  both  the  metal  layer  and  semiconductor  epilayer  thickness.  In  GaAs, 
conduction  bands  with  both  zero  and  large  interface  parallel  wavevector  coexist  in  the  same 
material.  Thus  direct  and  indirect  transport  channels  can  be  investigated  in  the  same  sample.  The 
observed  SD-BEEM  spectral  shape  shows  obvious  deviation  from  the  calculations  that  assume 
transverse  momentum  conservation.  In  Fig.  13,  we  compare  the  calculated  (dashed  lines)  collector 
current  and  its  second  voltage  derivatives  with  the  corresponding  measured  quantities  (solid  lines) 
for  a  Au/GaAs  sample  at  room  temperature.  (Sample  structures  and  the  measurement  technique 
are  described  in  Ref.  [5].)  The  SD-BEEM  spectrum  was  extracted  from  the  experimental  BEEM 
spectrum  in  Fig.  13(a)  by  numerical  differentiation  with  a  10  meV  window,  as  shown  in  Fig.  13(b). 
The  probability  of  electron  scattering  at  the  m-s  interface  (SP)  was  adjusted  to  fit  the  SD-BEEM 
spectra.  The  SD-BEEM  spectra  clearly  separate  the  contributions  from  F  and  L  electrons;  thus,  the 
weighting  of  the  relative  F  and  L  channel  contribution  is  a  sensitive  test  of  the  model.  The  best  fit  to 
the  SD-BEEM  spectrum  gives  a  85%  probability  for  electron  scattering  at  the  m-s  interface.  For 
comparison,  theoretical  curves  for  the  cases  without  scattering  and  with  100%  scattering  are  also 
shown.  The  measured  relative  contribution  of  the  L-electrons  is  different  than  that  calculated  for 
the  L  channel  in  the  weak  scattering  limit.  Specifically,  the  L-electron  collector  current  is  found  to 
be  the  strongest  one,  whereas,  assuming  transverse  momentum  conservation,  the  contribution  of 
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reference  GaAs  structure 


Fig.  12.  Scaled  ratio  of  collector  to  tunneling  current  (upper  panel)  and  scaled  second  voltage  derivative  of  the  ratio  of 
collector  to  tunneling  current  (lower  panel)  as  a  function  of  bias  for  the  three  conduction  band  channels 
of  Au/GaAs(l  00).  The  scaling  factors  for  all  the  valleys  were  chosen  so  that  the  currents  for  two  limits  overlap  well  in 
the  near-threshold  region.  The  strong  scattering  limit  results  (solid  lines)  are  as  calculated  and  the  weak  scattering 
limit  results  (dashed  lines)  are  scaled  by:  T  channel,  divide  by  31;  L  channel,  multiply  by  4.5;  X  channel,  divide  by  1.7 
[59], 


Fig.  13.  The  room-temperature  BEEM  (a)  and  SD-BEEM  (b)  spectra  of  the  1  pm  undoped  GaAs  layer  grown  on 
n+  GaAs  substrate.  The  MSIS  model  calculations  (dashed  lines)  are  also  presented  for  three  values  of  SP,  the  electron 
scattering  probability  at  the  m-s  interface.  The  inset  in  (a)  shows  a  schematic  band  diagram  of  the  samples  under  study 

[5]. 


the  L  band  (which  does  not  project  to  the  zone  center  of  the  interface  BZ)  can  give  only  a  small 
BEEM  current  onset.  The  T  and  L  channel  contributions  are  included  in  the  calculation  but  the 
X  channel  contribution  is  not  included.  In  this  experimental  structure,  the  absence  of  the 
X  conduction  minimum  contribution  at  room  temperature  is  due  to  the  image  potential-induced 
strong  electron  scattering  in  the  spacer  between  the  metallurgical  m-s  interface  and  the  maximum 
of  the  barrier  height  [2,67],  Fig.  14  presents  the  MSIS  model  fits  to  the  BEEM  and  SD-BEEM 
spectra  for  a  number  of  Au/GaAs/Al^Ga^As  single  barrier  structures.  In  this  case,  the  best  fits 
are  obtained  with  the  scattering  probability  at  the  m-s  interface  varying  between  85%  and  92% 
among  these  samples.  This  small  variation  in  the  scattering  parameter  indicates  that  our  diode 
fabrication  procedure  is  reproducible  and  results  in  approximately  the  same  quality  of  the  m-s 
interface.  Intervalley  scattering  at  the  GaAs/AlGaAs  heterojunction  interfaces  is  assumed  to  be 
minor  in  comparison  with  the  scattering  at  the  m-s  interface.  Indeed,  intervalley  scattering  in 
GaAs/AlGaAs  heterojunctions  was  studied  both  experimentally  [88,89]  and  theoretically  [90,91], 
and  conservation  of  the  transverse  momentum  is  expected  for  this  epitaxial  heterojunction 
interface.  For  epitaxial  growth,  the  GaAs/AlxGaj_xAs  interface  is  a  near  perfect  heterojunction 
interface,  with  a  lattice  mismatch  of  less  than  0.8%.  In  contrast,  metal  deposition  is  not  epitaxial, 
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Voltage  (V) 


Fig.  14.  Room-temperature  SD-BEEM  spectra  lor  five  different  A!  compositions  (solid  lines).  For  clarity,  the  SD-BEEM 
spectra  aie  shifted  along  the  vertical  axis.  Thin  solid  lines  are  eye-guides  for  the  peaks  position  development  The  MS1S 

ssssr  The  modd  ca,culaUons  show  ,he  r  and  L  "■* — 


and  therefore  the  quality  of  the  Au/GaAs  interface  is  not  as  good  as  the  quality  of  the  GaAs/ 
AI* Ga j  x  As  heterojunction  interface.  The  possible  effect  of  electron  multiple  reflection  either  in 
the  metal  (the  metal  layer  is  thick  enough  that  a  multiply  reflected  component  is  strongly 
enuated)  or  at  the  heterostructure  interfaces  (this  mechanism  would  amplify  mainly  the  current 
of  the  T-electrons  since  they  are  the  electrons  with  the  longest  mfp  in  the  semiconductor  hetero¬ 
structure)  is  small  and  cannot  explain  the  observed  strong  L-electron  and  comparatively  weak 
/-electron  contributions.  * 


2.5.  Metal  base  layer  effect  on  BEEM  transport 
2.5.1.  Effect  of  carrier  scattering  in  metals 

fii  T1J®B^EM.current  transmitted  through  the  metal  base  layer  attenuates  strongly  as  the  metal 

The  hT  mCrfeaSef' Th®  Sl,rvey  of  the  experimental  and  theoretical  data  is  presented  in  Fig.  15. 
otal  attenuation  length  X  in  the  metal  can  be  described  by  1  jX  =  1/A,  +  1/A  where  A  is  the 

due  to^h  aSt,°  mfPHand  i  “  ,hereleC,r°n  ine'aStiC  mfP in  lhe  The  eieTgyt^dedioais 

scaHertaaVroec^LfSieT'°  ’  '!!*“’ ■“  '°W  V°"ageS’  reSullS  from  'nelaslic  ^Iron-electron 
scattering  processes  [2,86],  A,  is  usually  given  in  the  form  of  X,(E)  =  E/[A(E  -  £F)2]  exnected  for 

Ltrn_e,T0TS?ttering  meChaniSm  C69]’  Where  A  *  electron-elec^ ™ 

strength  parameter.  Taking  into  account  the  Au  band  structure,  Reuter  et  al.  [69]  studied  thf 

energy  dependence  of  the  inelastic  mfp  (due  to  the  electron-electron  interactions),  using  a  Green- 

function  approach  and  complementary  Monte  Carlo  simulations.  The  authors  found  that  A,  pre- 

ex  oeH  me  nud  RFFM^  Ferfmi',hquld  *eory  Provides  excellent  agreement  between  theoretical  and 
experimental  BEEM  spectra  (giving  A,(£  -  £F  =  1  eV)  =  252  A).  In  contrast,  a  relatively  weak 

linear  energy  dependence  in  the  empirical  form  of  A,(£)  =  1.5Ai0[l  -  (E  -  £F)/ 3]  was  deduced 
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Au  Thickness  (A)  Au  THICKNESS  (A) 


Fig.  15.  Transmittance  or  the  Au/Si  interface  at  a  tunnel  voltage  of  1.2  eV  as  a  function  of  the  Au-layer  thickness  [103], 

FigM6.^  Experimental  BEEM  attenuation  length  measurement  (circles)  for  Au/Si(100)  samples.  IQ  was  measured  at 

,  '  *  I,  V  J  ro^ "d  (dashed)  ,ine  ,s  the  dependence,  which  results  if  boundary  reflections  within  the  Au  film  are  allowed 
(not  allowed)  [86]. 


from  the  fitting  procedure  for  the  Au/Si  system  [86],  where  Ai0  is  the  inelastic  mfp  length  for 

rf 1 r°?L ^  ~  £f  =  1  CV’  US'ng  Ae  =  400  A  and  Xi0  =  220  A-  The  fitted  total  attenuation  length 
ol  a  ~  130  A  at  1  eV  above  the  Fermi  energy  is  in  a  good  agreement  with  A  =  133  A  at  T  =  300  K 

a"d  2  =  147  A  at  T  =  77  K  obtained  in  Au  overlayers  on  Si(100)  over  the  energy  region  of  0.92-1.2 

roo  (vii VC  thC  Fermi  leVCl  ^55^’  CVen  though  a  certain  distribution  in  A  values  is  also  expected 
\y  Zfy  JJ. 

If  A,  is  much  shorter  than  Ae,A  will  also  be  energy  dependent,  namely,  will  decrease  with  the 
electron  energy  (tip-to-base  voltage)  increase.  It  will  induce,  according  to  Eq.  (1),  a  certain 

H?dncStldeCreaSe>  °uthe  BEEM  current  as  the  dP-to-base  voltage  increases,  therefore,  changing 
BEEM  sPectraJ  shape.  Comparison  of  Monte  Carlo  simulations  with  the  experiment  shows 
that  the  strong  variations  in  the  spectral  shape  of  the  BEEM  current  in  metal/GaP  at  V,  <  4  V  are 
mainly  due  to  the  energy  dependence  of  the  mfp  for  inelastic  scattering  in  the  metal.  Ludeke  et  al. 
[64]  showed  for  the  case  of  Pd/GaP  that,  when  the  base  layer  is  much  thicker  than  the  mfp  of 
electrons,  the  multiple  collisions  with  phonons  will  reduce  effectively  the  injected  electron  energy 
and  induce  the  delay  of  the  onsets  observed  in  the  BEEM  current.  For  thin  metal  layers,  the  effect 
of  the  electron  scattering  in  the  metal  (Cr,  Pd  and  NiSi2  at  thickness  <  100  A)  was  mainly  the 
attenuation  of  the  BEEM  current  without  the  spectral  shape  change.  While  the  truly  ballistic 
transport  in  the  metal  film  is  obscure  in  most  experiments  [7],  the  ballistic  characteristic  would 
strengthen  if  experiments  were  performed  in  ideal  conditions  using  clean  tips  and  samples  at  low 
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temperatures  and  low  voltages.  In  fact,  features  due  to  standing  waves  in  thin  metal  films  were 
observed  in  experimental  BEEM  spectra  [77], 

By  studying  the  dependence  of  BEEM  spectral  shape  on  Au  thickness,  Bell  [86]  argued  that  the 
contribution  of  multiple  electron  reflections  within  the  metal  layer  is  the  primary  factor  preventing 
previous  BEEM  observations  of  k |(  conservation  in  thin  metal  films.  To  illustrate  the  effect  of 
multiple  electron  reflections  in  the  metal  layer,  the  authors  plotted  the  collector  current  dependence 
on  the  Au  thickness  in  Au/Si(100)  system,  as  shown  in  Fig.  16.  The  deviation  from  the  logarithmic 
dependence  in  the  limit  of  thin  metal  layers  was  attributed  to  the  presence  of  multiple  electron 
reflections.  Recently,  Reuter  et  al.  [69]  have  used  a  more  advanced  model  to  fit  the  experimental 
data  of  Ref.  [86],  and  the  importance  of  the  multiple  electron  reflection  in  describing  the  spectral 
shape  and  amplitude  of  the  BEEM  current  was  confirmed. 


2.5.2.  Metal  band  structure  effect 

Previously  discussed  models  to  explain  the  lack  of  BEEM  sensitivity  to  the  Si  orientation  in  the 
Au/Si  systems  have  usually  invoked  strong  elastic  scattering  of  the  ballistic  electrons,  either  at  the 
Au/Si  interface,  and/or  in  the  bulk  or  at  the  surface  of  the  Au  overlayers.  In  contrast,  by  using  the 
Keldysh  Green-function  method,  Garcia-Vidal  et  al.  [94,95]  suggested  that  the  Au  band  structure 
might  be  responsible  for  the  observed  similarity  of  Au/Si(100)  and  Au/Si(l  11)  BEEM  spectra  (at 
least  both  mechanisms,  i.e.  /<n  non-conservation  and  Au  band  structure  effect,  should  be  weighted). 
It  was  pointed  out  that  the  Au  films  often  grow  (111)  oriented  on  Si  surfaces  after  the  first  four  or 
five  layers  are  completed,  and  that  there  are  no  propagating  Bloch  electron  states  in  the  cone 
centered  on  the  (111)  direction,  from  below  the  Fermi  surface  to  several  eV  above  it.  This  requires 
that  electrons  injected  into  such  an  overlayer  must  propagate  at  angles  considerably  away  from  the 
normal  if  they  are  to  travel  ballistically  through  the  metal  to  the  Au/Si  interface.  This  approach 


Fig.  17.  Matching  of  the  obtained  semiclassical  fc-space  BEEM  current  distribution  with  the  available  CBM  states  in  the 
semiconductor,  which  are  approximated  by  projected  parabolic  bands.  Projected  gold  surface  BZ  is  given  by  external 
hexagon,  whereas  Si(l  1  1)  and  Si(l  00)  BZs  are,  respectively,  given  by  the  hexagon  and  the  square  inside.  Current  can 
only  enter  into  the  Si  through  the  area  enclosed  by  the  ellipses  (£  =  £F  +  1  eV).  (a)  Au/Si(l  1  1),  Es  =  0.86  eV,  (b) 
Au/Si(l  00),  Es  =  0.82  eV^Nole  that  the  dilTcrcnt  lattice  parameters  of  Au  and  Si  require  remapping  of  the  Si  ellipses 
inside  the  larger  Au  BZ.  f-M  corresponds  to  the  [101]  direction  in  k  space  [95], 
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Fig.  18.  Ratio  of  current  injected  in  Si(l  00)  and  Si(l  1  1)  after  propagation  through  thin  Au  films  of  approximately  equal 
thickness  (1 00  A  Au/Si(l  00)  and  75  A  Au/Si(l  1  1),  chosen  to  compare  with  available  experimental  data).  Elastic  electron 
propagation  is  used  in  the  theory  (dashed  line);  experimental  data  taken  from  Refs.  [86,96]  (solid  line)  [95]. 


differs  from  the  free-electron  treatment  of  the  existing  model  [1]  that  allows  an  electron  beam 
propagating  in  normal  direction  through  the  metal  film  grown  in  the  [111]  direction  on  either 
Si(lll)  or  Si(100).  For  Au(lll)  on  Si(100)  and  Si(  1 1 1),  the  allowed  (in  the  metal)  wavevector  and  the 
silicon  conduction  band  minima  projections  on  the  interface  BZ  overlap  partially,  to  essentially  the 
same  extent  for  both  Si(100)  and  Si(lll)  faces,  as  shown  in  Fig.  17.  Thus  the  ballistic  electrons,  even 
when  injected  with  a  small  transverse  momentum  component,  will,  if  passing  through  a  sufficient 
thickness  of  Au,  reach  the  interface  with  substantial  transverse  momentum.  It  was  concluded  that 
the  Au  band  structure  itself  could  provide  the  required  transverse  momentum  to  facilitate 
interfacial  ballistic  transport  in  the  Au/Si(l  1 1)  system.  Fig.  18  compares  the  theoretical  calculations 
of  Ref.  [95]  and  the  experimental  data  of  Refs.  [86,96]  for  the  ratio  of  current  injected  in  Au/Si(100) 
and  Au/Si(lll).  Despite  general  agreement  in  the  magnitude  and  in  the  overall  trend  with  energy, 
a  discrepancy  up  to  30%  was  obtained  between  the  theory  and  the  experiment.  In  some  contradic¬ 
tion  to  the  dependencies  shown  in  Fig.  18,  Weilmeier  et  al.  [93]  have  found  experimentally  that 
BEEM  current  for  Si(lll)  is  more  than  50%  higher  than  that  for  Si(100)  substrates  for 
Au(l  1 1)/Si(l  1 1)  and  Au(lll)/Si(100)  studied  at  UHV  conditions.  To  explain  their  findings,  Weil¬ 
meier  et  al.  suggested  that  in  their  experiment  the  Au(lll)  grains  are  aligned  not  in-plane  but 
randomly  with  the  Si(100)  substrate. 

Ripard  et  al.  [97]  have  lately  demonstrated  the  filtering  effect  of  the  Co/Cu  interface  by 
conducting  a  BEEM  study  on  Co/Cu/Co  trilayers.  The  strong  reduction  of  the  BEEM  current 
when  ~2-3  A  of  Co  is  evaporated  on  top  of  the  Cu/Au/Si  system  was  attributed  to  the  band 
structure  mismatch  at  the  Co/Cu  interface  [Cu(lll)  has  no  propagating  momentum  states  in 
a  much  larger  cone  around  the  film  normal  than  Co(lll)]. 

Recently,  two  cases  of  electron  scattering  (reflective  vs.  diffusive)  in  the  metal  have  been 
considered  by  Menegozzi  et  al.  [53]  for  the  Au/Si  system.  A  satisfying  agreement  of  the  model  with 
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Fig.  19.  The  value  of  the  BEEM  characteristics  /c//,  at  the  tunneling  voltage  of  1 .2  V  versus  the  Au  film  thickness  tAu  for 
Au/Si(00  1).  Curves  are  calculated  for  reflecting  (RR)  or  diffuse  (DD)  interface  structure  as  indicated  by  assuming  an 
isotropical  Fermi  surface  (“no  cone”,  solid  line )  and  a  forbidden  cone  in  the  Fermi  surface  (“cone”,  dashed  line).  Measured 
data  points  are  taken  from  Ref.  [55]  (from  Ref.  [53]). 


the  experiment  on  Au(l  1 1)/Si(l  11)  was  obtained,  although  it  seems  that  a  different  interface 
scattering  should  be  assigned  to  different  experiments.  The  results  for  Au(lll)/Si(100)  exceeded  at 
least  by  factor  of  2  the  experimental  data.  To  improve  the  matching,  the  authors  considered  the 
effect  of  the  Au  band  structure.  However,  the  implementation  of  the  Au(l  1 1)  band  structure  gave 
only  minor  suppression  of  the  BEEM  current  (~  5%),  as  shown  in  Fig.  19,  and  thus  cannot  explain 
the  mismatch. 

Summarizing  the  results  presented  in  this  section,  the  effect  of  the  hot  electron  scattering  at  the 
m-s  interface  was  intensively  studied  both  theoretically  and  experimentally.  Experimentally,  the 
BEEM  transport  was  found  to  deviate  significantly  from  the  simplified  picture  of  transverse 
momentum  conservation  at  the  m-s  interface  in  the  BK  model,  for  the  non-epitaxial  Au/Si  and 
Au/GaAs  interfaces,  and,  to  some  extent,  even  for  the  more  perfect  epitaxial  CoSi2/Si  system. 
Although  certain  upgrading  in  the  theoretical  description  was  achieved  by  elaborating  the  metal 
overlayer  effect  (e.g.  metal  band  structure  effect  as  well  as  effects  of  the  electron  scattering  and 
multiple  electron  reflection  in  the  metal  layer  on  the  BEEM  transport),  the  proposed  models 
suffered  from  the  lack  of  the  quantitative  description  of  the  experimental  BEEM  data.  A  real 
improvement  of  the  theoretical  fit  to  the  experimental  data  was  obtained  by  assuming  a  strong 
electron  scattering  at  the  m-s  interface.  Among  the  m-s  interface  scattering  models,  the  MSIS 
model  is  the  most  developed  model  and  allows  a  qualitative  analysis  of  the  electron  scattering  at 
the  m-s  interface.  Using  the  MSTS  model,  the  electron  scattering  probability  was  estimated  to  be 
~85-95%  at  the  non-epitaxial  Au/GaAs  interface. 
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Fig.  20.  STM  topographic  image  (a)  and  simultaneously  recorded  forward  BEEM  image  (b)  on  the  Si-rich  CoSi2/n-Si 
(100)  surface  (V,  =  1.5  V,  /,  =  3  nA,  film  thickness  d  =  38  A).  The  center  part  displays  a  i  jl x  Jl  R45°  reconstruc¬ 
tion,  whereas  the  lower  right  is  Jl  x  Jl  R45°  reconstructed.  The  topographic  corrugation  is  0.15  A.  The  BEEM 
contrast  ranges  from  25  pA  (black)  to  55  pA  (white)  [98], 


3.  BEEM  resolution 

3.1.  Spatial  resolution 

Sirringhaus  et  al.  [8,98]  have  succeeded  to  image  periodic  surface  structures  at  atomic  resolution 
by  in-situ  BEEM  on  the  Au/Si  system,  as  shown  in  Fig.  20.  The  superior  resolution  (~  10-20  A)  of 
the  BEEM  technique  was  demonstrated  in  imaging  of  microfabricated  Au/SiGe  diodes  [99]  and  in 
imaging  the  Schottky  barrier  inhomogeneities  for  the  Au/Co/GaAs0.67Po.33  system  [100].  Also, 
a  spatial  resolution  of  ~  10  A  (see  Fig.  21)  was  obtained  by  in-situ  BEEM  in  imaging  the  interfacial 
defects  in  30  A  CoSi2/Si(l  1 1)  system  at  F,~1.5  V  [77].  This  resolution  is  reduced  at  high  tip 
voltages  due  to  the  secondary  electrons  that  have  broad  energy  and  momenta.  For  example,  for 
K  =  6  V,  the  spatial  resolution  of  BEEM  reduced  to  ~  100  A  [101]. 

The  observed  high  spatial  resolution  in  BEEM  experiments  is  to  a  certain  extent  an  unexpected 
result.  Indeed,  the  nanometer-scale  resolution  (~15A)  was  obtained  after  propagation  through 
Au  films  as  much  as  100-150  A  in  the  case  of  the  Au/Si  system  [102],  whereas  the  free-electron 
model  for  the  metals  [56,102]  predicts  a  BEEM  resolution  for  relatively  thick  100- 150  A  Au  films 
of  at  best  ~  100  A.  To  explain  the  high  spatial  resolution  observed  in  BEEM  experiments,  the  metal 
band  structure  effect  was  examined  as  a  possible  candidate.  In  the  case  of  epitaxial  CoSi2  layers  on 
Si(lll)  substrates,  Reuter  et  al.  [9]  showed  by  using  the  Keldysh  Green-function  method  that  hot 
electrons  injected  from  a  STM  tip  into  a  CoSi2/Si(lll)  system  form  a  highly  focused  beam  due  to 
the  silicide  band  structure.  It  was  calculated  (see  Fig.  22)  that  the  current  spatial  distribution  at 
Vt  =  1.5  V  remains  highly  focused  (FWHM  is  8.9  A)  after  propagating  through  a  30  A  CoSi2(lll) 
film  (the  free-electron  propagation  in  the  metal  would  result  in  ~25A  resolution).  This  spatial 
resolution  is  in  a  good  agreement  with  the  resolution  of  ~  10  A  with  which  interfacial  point  defects 
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llSe,hl;  w*  T8ra?)'i,0p!  “d  BEEM  ,b°t"’m)  c,oss  Pedicular  to  two  parallel  dislocation  lines, 

together  with  a  schematic  drawing  (inset)  (K,  =  1.5  V,  /,  =  2  nA,  film  thickness  d  =  30  A)  [77], 


Inf‘  ?■  Current  d,*|nbutl°n  111  a  s'2  layer  parallel  to  the  surface  after  propagation  through  a  30 A  CoSi2(lll)  film 
Injection  from  the  tip  at  1.5  eV  occurred  in  the  center  of  the  shown  plane  (white  *),  where  the  maximum  current 
piopagatmg  in  a  focused  beam  along  the  <11 1>  direction  can  still  be  found.  The  linear  gray  scale  indicates  current 

focu'sed^hpl  6  thToVi'x  ^b'aCk. maximum  to  white  ^ro  current.The  right-hand  panel  displays  a  cut  through  the 
focused  beam  in  the  <2-l-l>  direction  from  which  a  FWHM  of  8.9 A  can  be  derived  [9], 


were  resolved  experimentally  [77,81],  In  the  case  of  Au(lll)  on  Si,  the  immediate  consequence  of 

dentPhTr,taarnaro5iP^  AI1  ^  P11?  dnection  is  the  °PenillS  UP  of  the  injected  beam  as  the 
depth  inci  eases  [95].  The  deeper  the  chosen  layer,  the  more  spread  over  a  larger  ring  (more 

prectsely  a  spreading  triangle  considering  the  symmetry  of  a  fee  (1 1 1)  crystal)  the  current  would  be, 

“e  steward-directed  propagation  remains  sharply  focused  (see  Fig.  23).  Thus,  the  real  space 

distribution  in  any  layer  parallel  to  the  surface  would  be  a  spreading  triangle  with  the  effective 

riangle  side  thickness  of  ~  10  A  after  propagating  through  ~60A  of  Au,  in  good  agreement  with 

the  experiment  [102],  Also,  the  results  of  the  ensemble-Monte-Carlo  simulations,  where  the  effect 

r  wL  !  band  StfUCtUre  0n  the  electr0n  ProPaSati°n  was  incorporated  by  cutting  off  the 
forbidden  directions  arising  from  gaps  in  the  constant-energy  surface,  agree  qualitatively  with  the 

(widely  scattered)  exper.mental  BEEM  data  on  the  Au/Si  system  [103],  It  should  be  noted  lliou'gh 
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Re*'-sPace  BEEM  current  distributions  for  Au(1  1  1)  after  injection  of  current  in  one  atom  in  the  first  layer 
(located  in  the  center  of  the  drawn  layer).  The  tip.  is  positioned  at  5.0  A  height  on  top  of  the  active  atom,  with 

'lil  ;  r°n  ,n  (a)  2nd  Iayer  (2J5  A)’ (b)  10th  laygr  {2U9^  and  («)  25th  layer  (56.51  A).  Each  dot 
•  epiesents  one  atom  in  the  corresponding  layer  and  the  gray  scale  indicates  the  amount  of  current  passing  through  the 
atom:  black  for  maximum  current  to  white  for  zero  current  [95]. 


that,  according  to  Fig.  23,  the  calculations  predict  “multiple  images”  of  the  interface  objects,  since 
a  tip  scan  would  sweep  each  of  these  lines  across  the  interface  object,  each  time  leading  to  a  focused 
signal.  However,  this  effect  was  not  observed  experimentally. 

3.2.  Energetic  resolution 

3.2.1.  Low-temperature  BEEM 

To  fully  exploit  the  BEEM  capabilities,  it  is  very  beneficial  to  perform  the  BEEM  experiments  at 
cryogenic  temperatures.  There  are  at  least  three  advantages  to  use  the  low-tcmpcrature  BEEM 
technique:  (i)  improvement  of  the  energy  resolution  due  to  the  reduced  thermal  broadening  of  the 
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Fermi  distribution,  (ii)  thermal  noise  is  greatly  reduced  and  (iii)  thermal  drift  of  the  STM  tip 
position  is  reduced. 

The  first  successful  BEEM  operation  at  low  temperatures  (7  K)  wasjeported  in  1995  in  the 
Au/Si(100)  system  [45],  It  was  shown  that  the  vertical  resolution  was  0.3  A  and  the  positional  drift 
of  the  microscope  was  less  than  2A/h  for  operation  at  7  K  and  7A/h  for  operation  at  77  K.  In 
contrast,  the  usually  observed  room-temperature  drift  is  much  higher,  of  the  order  of  several  A/min 
at  T  =  300  K  [104]. 

Later,  BEEM  was  performed  on  Au/GaAs  [84]  and  Au/GaAs/Alo.2Gao.8As/GaAs  single¬ 
barrier  structures  [32]  at  T  =  7  and  77  K.  The  SD-BEEM  spectra  (in  the  near-threshold  region  up 
to  the  onset  of  the  L  valley  of  GaAs)  were  used  to  analyze  the  electron-wave  interference  effect.  The 
low  background  noise  (<3  fA  rms)  and  high  spectral  resolution  (/<B  7-0.5  meV  (6  meV)  at 
7  =  7  K  (77  K))  enables  the  detection  of  features  (additional  peaks  and  dips)  that  cannot  be 
reproduced  by  the  Au/AIq  2Ga<).8  As  single-interface  model,  since  this  model  describes  only  the 
average  shape  of  the  SD-BEEM  spectra.  A  more  complete  model  [84]  that  incorporates 
the  interference  effects  (reflections)  at  the  Au/GaAs,  GaAs/Al0.2Ga0  8As  and  Al0.2Ga0.8As/GaAs 
interfaces  is  shown  to  describe  the  data  more  accurately  and  consistently  over  many  spatial 
locations  and  samples. 

As  was  pointed  out  by  Henderson  et  al.  [50],  a  main  difficulty  at  very  low  temperatures  ( <  10  K) 
is  related  to  carrier  freeze-out  in  the  semiconductor,  which  leads  to  charging  effects  in  the  collector 
electrode.  In  contrast  to  bulk  samples,  satisfactory  BEEM  measurements  in  liquid  He  can  be 
obtained  with  the  use  of  a  low-dimensional  electron  gas  layer  as  a  collector  electrode.  Eder  et  al. 
[46]  have  studied  the  laterally  patterned  quantum  wires  fabricated  on  modulation-doped 
GaAs/AlGaAs  heterostructures  by  BEEM  at  7  =  4.2  and  300  K,  using  a  2D  electron  layer  at 
the  AlGaAs/GaAs  interface  to  collect  the  BEEM  current.  At  7  =  4.2  K,  no  decrease  of  STM 
resolution  was  found  in  comparison  with  room-temperature  measurements. 

3.2.2.  Semiconductor  STM  tips  for  BEEM 

The  use  of  degenerate  semiconductors  as  the  STM  tip  is  potentially  very  useful  to  increase 
significantly  the  BEEM  energy  resolution,  since  the  electron  distribution  is  limited  to  the  small 
range  between  the  conduction  band  edge  and  the  Fermi  level.  This  allows  a  quasi-monochromatic 
energy  distribution  of  the  injected  electrons,  in  contrast  to  the  case  of  the  conventional  metal  tips 
where  the  energy  distribution  of  injected  electrons  is  defined  by  the  combined  effect  of  the  tunneling 
probability  and  the  wide  Fermi-distribution  function  of  the  tip  electrons.  In  the  literature, 
degenerate  semiconductor  tips  such  as  highly  doped  GaAs  and  Si  were  already  used  for  STM 
experiments  [105,106],  Recently,  BEEM  experiments  with  n-doped  InAs  tips  (InAs  is  a  very 
promising  material  for  semiconductor  tips  since  it  has  a  natural  surface  accumulation  layer  of 
electrons  [107])  were  reported  at  room  temperature  [108,109].  The  InAs  tips  were  fabricated  by 
cleaving  the  InAs  wafer,  and  then  the  cleaved  piece  of  InAs  was  glued  on  the  tilted  holder  so  that 
one  corner  of  the  InAs  piece  can  be  used  as  a  tunneling  tip.  In  the  experiment,  BEEM  spectra  of 
modulation-doped  Au/GaAs/AlGaAs  sample  at  300  K  and  in  liquid  helium  obtained  with  InAs  tip 
are  of  comparable  amplitude  with  the  spectra  obtained  using  standard  Au  tips.  While  the  spectral 
shape  of  the  BEEM  spectra  obtained  with  InAs  tips  is  somewhat  different  from  the  reference  curves 
measured  with  Au  tips,  the  expected  enhanced  energy  resolution  was  not  observed  with  InAs  tips. 
Possible  reasons  for  this  were  attributed  to  hot  electron  scattering  processes  in  the  Au  film.  We 
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believe  that  future  BEEM  study  of  structures,  which  give  qualitatively  different  BEEM  spectral 
shapes  for  metal  and  semiconductor  STM  emitters  (for  example,  buried  resonant  heterostructures) 

should  provide  an  experimental  support  for  the  energy-resolution  effect  of  semiconductor 
STM  tips. 


3.3.  Depth  resolution 

The  hot  electron  transport  in  BEEM  experiments  can  be  considered  to  be  ballistic  only  with 
certain  restrictions.  The  leal  picture  is  certainly  different  because  of  consecutive  scattering  pro¬ 
cesses  in  the  metal  base  film,  at  the  m-s  interface  and  in  the  semiconductor  itself.  Even  for  the  case 
of  a  perfectly  clean  device  and  extremely  low  temperatures,  the  carrier  mean  free  path  is  usually 
comparable  with  the  device  thickness.  Therefore,  the  ballistic  description  of  the  electron  transport 

is  restricted  to  layers  close  to  the  surface.  As  a  consequence,  BEEM  can  be  characterized  by  its 
depth  resolution. 

Monte  Carlo  simulations  [110]  of  electron  transport  in  the  7,  L  and  X  valleys  of  GaAs  were 
performed  using  the  MSIS  model  [85],  With  increasing  object  depth  beneath  the  Au/GaAs 
interface,  the  Monte  Carlo  simulations  predict  (a)  significant  cooling  of  hot  electrons,  on  the  order 
of  ~3  meV/nm  at  1.5  eV,  and  (b)  significant  redistribution  of  electrons  among  the  conduction 
bands  (see  Fig.  24).  In  order  to  show  experimentally  that  scattering  inside  the  semiconductor 
structure  affects  the  BEEM  spectra,  in  Ref.  [5]  we  compared  the  BEEM  spectra  for  several  pairs  of 
Au/GaAs/AlGaAs  single  barrier  (SB)  samples  with  the  same  SB  composition  but  with  different  cap 
thickness  of  50  and  300  A.  The  obtained  SD-BEEM  spectra  of  the  GaAs/Al0  2Ga0  8As/GaAs  SB 
samples  are  shown  in  Fig.  25  for  7  =  85  and  300  K  (these  data  are  representative  for  all  samples 
pans).  Since  the  expected  mfp  lengths  for  the  T,  L  and  X  electrons  at  T  ~  300  K  are  —  1000,  ~  100 
and  ~10oA,  respectively  [43],  manipulations  with  the  heterostructure  thickness  in  the  range  of 
100-300  A  should  affect  mainly  the  L-electrons  contribution  to  the  BEEM  current  (the  effective 
heterostructure  thickness,  that  will  affect  the  BEEM  current  collection,  is  the  combined  thickness 
of  the  GaAs  cap  layer  and  the  SB  layer).  Indeed,  as  one  can  see  from  Fig.  25,  the  L-electrons 
contribution  for  the  sample  with  300  A-cap  layer  (with  the  SB  thickness  of  50  A,  the  total  effective 
heterostructure  thickness  is  ~350  A)  is  reduced  by  factor  of  3  as  compared  with  the  50  A-cap  layer 
sample  (the  total  effective  thickness  of  ~  100  A),  whereas  the  T  contribution  has  remained  intact  As 
the  temperature  decreases  from  300  to  85  K,  in  addition  to  the  spectrum  shift  expected  from  the 
temperature  dependence  of  the  energy  gap,  oa  strong  increase  of  the  signal  is  observed  for  the 
L-electrons  in  the  SB  sample  with  the  300  A-cap  layer,  whereas  the  SD-BEEM  spectral  shape 
remains  essentially  the  same  for  the  SB  sample  with  the  50  A-cap  layer.  These  experimental  results 
are  in  agreement  with  the  expected  increase  in  the  mfp  of  the  electrons  with  the  decreasing 
temperature.  As  the  temperature  decreases  from  300  to  85  K,  the  calculated  mfp  near  the  energy 
threshold  increases  from  -1000  to  - 1500  A  for  T  electrons  and  from  -100  to  -300  A  for  the 

DCeieflr°nS  [43-1'  ThC  *‘electrons  contribution  is  completely  obscured  in  the  room-temperature 
BEEM  spectra  presented  in  Fig.  25  due  to  their  effective  scattering  in  the  GaAs  cap  layer.  Indeed 
the  -electrons  mfp  (~  10  A  at  7  =  300  K  and  ~30A  at  7  =  85  K)  is  shorter  than  the  effective 
heterostructure  thickness  for  all  samples  ( >  100  A).  Thus,  while  the  initial  electron  distribution 
among  the  conduction  bands  of  the  semiconductor  is  specified  by  transport  through  the  metal  base 
ayer  and  by  the  m-s  interface  scattering,  further  electron  transport  is  governed  by  the  difference  in 
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Fig.  24.  For  the  populations  of  the  electrons  in  GaAs  resulting  from  a  BEEM  experiment  of  Au-GaAs,  the  energy  and 
angular  distributions  are  shown.  The  y-axis  is  the  cosine,  denoted  by  n,  of  the  angles  of  the  velocities  of  the  electrons  with 
respect  to  the  interface  normal  and  the  x-axis  is  the  kinetic  energy  E  of  the  electrons  with  respect  to  the  F-valley 
minimum.  The  condition  is  the  strong  scattering  limit  of  the  MSIS  theory  at  300  K  and  at  a  bias  of  1.53  V.  Initially,  1000 
electrons  are  injected  at  the  Au-GaAs  interface,  (a)  The  initial  electron  distributions  of  /'-(left  panel  and  crosses), 
L-(middlc  panel  and,  circles),  and  A'-(righl  panel  and  diamonds)  valley  electrons  at  the  Au-GaAs  interface,  (b)  The 
distributions  at  600  A  below  the  Au-GaAs  interface  (from  Ref.  [1 10]). 


the  electron  mfp  length  for  the  T,  L  and  X  electrons.  In  imaging  the  buried  semiconductor 
structures,  the  mfp  length  (in  the  case  of  GaAs-based  structures,  the  mfp  length  of  T-electrons  as  the 
longest  one)  will  determine  the  depth  resolution  of  BEEM.  It  implies  that  the  BEEM  contrast  will 
be  not  enough  to  resolve  a  semiconductor  structure  buried  much  deeper  than  the  electron  mfp 
length  (~  1000  A  for  the  /'’-electrons  of  GaAs).  Therefore,  as  the  heterostructure,  characterized  by 
several  transport  channels,  is  buried  deeper,  the  information  about  these  conduction  channels  is 
gradually  gone,  starting  from  the  transport  channel  with  the  shortest  electron  mfp  length. 

Lee  et  al.  [Ill]  have  performed  Monte  Carlo  simulations  of  the  transport  of  electrons  injected 
into  the  r  valley  of  GaAs  for  BEEM  imaging  and  spatially  resolved  spectroscopy  of  model 
quantum  dots  (QD)  and  quantum  wires  (QW)  buried  beneath  the  Au/GaAs  interface.  For  Monte 
Carlo  simulations,  a  modified  BK  model  was  used,  with  the  buried  object  forming  a  local  barrier 
for  the  electron  transmission  (such  as  AlSb  and  GaSb  dots  grown  on  GaAs).  The  collection  plane 
was  located  at  2000  A  below  the  Au/GaAs  interface,  and  the  QD  (QW)  was  modeled  as  a  thin  disk 
300  A  in  diameter  (a  thin  300  A  wide  stripe),  which  specularly  scatters  electrons  of  all  energies. 
Fig.  26  shows  the  calculated  BEEM  current  as  a  function  of  lateral  displacement  between  the  STM 
tip  and  the  center  of  the  buried  dot  (wire),  for  three  depths  of  the  QD  (QW)  from  the  Au/GaAs 
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Fig.  25.  SD-BEEM  spectra  for  GaAs/Al0.2Ga08As/  GaAs  single  barrier  (SB)  samples  with  50  and  300A  GaAs  cap 
layers,  taken  at  T  =  300  K  (solid  curves)  and  T  =  85  K  (dotted  curves).  For  clarity,  the  spectra  are  shifted  along  the 
vertical  axis  [5]. 


Fig.  26.  The  BEEM  current  as  a  function  of  lateral  displacement  at  a  tip-to-sample  bias  of  1  V  (a)  and  1.25  V  (b)  for 
a  perfectly  reflecting  quantum  dot  300  A  in  diameter,  and  at  a  tip-to-sample  bias  of  1  V  (c)  and  1.25  V  (d)  for  a  perfectly 
reflecting  300  A  wide  quantum  wire.  The  lines  are  drawn  as  a  guide  for  the  eye.  In  all  cases,  the  solid  line  (circle)  is  for 
d  =  100 A,  the  dashed  line  (square)  is  for  d  =  300 A,  and  the  dotted  line  (diamond)  is  for  d  =  600A  [111]. 


interface.  One  can  see  that  the  BEEM  contrast  decreases  with  the  depth  of  the  object.  At  a  depth  of 
600  A,  a  QD  is  hardly  detectable  by  BEEM  whereas  the  QW  still  shows  significant  contrast,  due  to 
the  added  dimension.  In  addition,  it  was  shown  that  due  to  an  interplay  between  a  geometric 
filtering  effect  and  the  role  of  the  electron-phonon  scattering  (assuming  electron  transverse 
momentum  conservation  at  the  m-s  interface),  there  is  a  range  of  optimum  depths  for  the  sharpest 
crystal  momentum  and  energy  distribution  of  the  electrons  incident  upon  the  buried  structure. 

As  an  example  of  BEEM  imaging  of  deeply  buried  localized  objects,  a  study  of  misfit  dislocations 
at  the  In*Gai  -*As/GaAs  interface  buried  400-700  A  below  the  m-s  interface  was  conducted  in  our 
laboratory  [42,43,112],  The  cross-hatch  misfit  dislocation  network  in  InxGa!  _xAs/GaAs  was 
ideally  suited  for  BEEM  as  the  dislocation  core  beneath  the  surface  gives  rise  to  a  perturbation  at 
the  surface  easily  visible  by  AFM  or  STM.  Samples  consist  of  In^Gaj  ^*As  of  different  thickness 
grown  on  (001)  GaAs  substrates  and  were  designed  such  that  the  dislocations  will  exist  (Indium 
concentrations  of  x  =  0.15-0.3  and  InGaAs  thickness  of  d  =  400-750  A  were  examined  [112]). 
Simultaneous  STM  and  BEEM  imaging,  shown  in  Fig.  27,  revealed  a  decrease  in  the  BEEM 
current  directly  associated  with  the  cross-hatch  pattern  in  the  STM.  The  minimum  in  the  BEEM 
current,  through  analysis  of  line  scans,  was  found  to  be  shifted  ~400  A  from  the  maximum  of  the 
STM  image,  indicating  that  the  loss  in  BEEM  current  is  not  simply  a  surface  affect,  but  one  that 
arises  from  the  dislocation  core  located  ~600A  beneath  the  surface  (sec  Fig.  28).  This  is  in 
agreement  with  the  theory  that  the  dislocation  core  comes  to  the  surface  not  along  the  growth 
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tu8'  ct'J  X  '  S™  (lefl)  and  BEEM  (ri8ht)  ima8es  or  InxGa,  _,As/GaAs  heterostructure  (x  =  0.2,  d  =  600  A) 
The  STM  image  shows  the  growth  perturbation  caused  by  the  dislocation  core.  The  BEEM  image  shows  the  decrease  in 

current  at  the  presence  of  the  cross-hatch  [1 12].  ' 
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nefk2whii™  ,(lnEla"d,BEEM  (right)  Iinescanes  taken  over  dislocation  images.  The  STM  linescanes  show  a  Gaussian 
peak  while  the  BEEM  linescanes  show  a  drop  in  the  BEEM  current  shifted  from  the  peak  in  the  STM  image  [112]. 


direction,  but  along  the  glide  plane  (111),  which  is  54.7°  off  of  the  (100)  direction.  Monte  Carlo 
calculations  were  used  to  understand  the  mechanism  responsible  for  this  decrease  [112].  The 
simulation  of  the  charged  model  fit  closest  to  the  experimental  data  suggesting  that  backscattering 
off  of  line  charges  to  the  metal  base  is  responsible  for  the  loss  in  BEEM  current. 


4.  Homogeneity  of  BEEM  transport 

4.1.  BEEM  dependence  on  the  m-s  interface  quality 

The  importance  of  interface  chemistry  for  BEEM  was  underlined  by  Fernandez  et  al.  [4]  who 
showed  on  example  of  Au/Si  interfaces  that  when  Au  is  deposited  in-situ  on  a  UHV-cleaned  Si 
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surface,  no  BEEM  current  can  be  detected  through  the  resulting  Au/Si  interface.  This  was 
explained  in  terms  of  additional  scattering  from  the  Au-Si  disordered  alloy  formed  by  Au-Si 
intei diffusion.  The  interface  transmittance  can  be  increased  to  some  extent  by  HF-treatment  of  the 
substrate  surface  prior  to  the  Au  deposition.  In  this  case,  the  residual  impurity  at  the  interface  can 
act  as  a  barrier,  which  passivates  the  Au-Si  interaction  enhancing  the  ballistic  transmittance.  For 
the  Au/GaAs(100)  system,  Hecht  et  al.  [113]  showed  that  the  MBE  termination  of  the  GaAs  surface 
by  a  2  monolayer  (ML)  AlAs  diffusion  barrier  prior  to  the  Au  deposition  results  in  a  significant 
increase  of  the  interface  areas,  which  support  BEEM  transport,  and  produces  a  high-quality 
Schottky  barrier. 

It  is  well  known  that  the  Schottky  barrier  height  depends  on  the  chemical  and  mechanical 
pretreatment  during  the  diode  preparation.  Chemical  pretreatment  in  aqueous  HF  or  HC1 
solutions  and  subsequent  rinses  in  deionized  water  resulted  in  the  Schottky  barrier  height 
variations  up  to  10-20%  in  Au/III-V  (GaAs,  AlGaAs,  InP  and  InGaAs)  [114]  and  Au/Si  [115]. 
Everaert  et  al.  [116]  have  found  by  using  BEEM  that  mechanical  polishing  of  the  etched  GaAs 
substrate  prior  to  the  Au  deposition  produces  an  increase  of  the  Au/GaAs  Schottky  barrier.  This 
increase  was  explained  by  the  passivation  of  the  interfacial  defects  by  hydrogen  and  the  consequent 
pinning  of  the  Fermi  level.  Schottky  barrier  variations  in  Au/n-GaAs  due  to  reactive  ion  etching  by 
using  SiCI4  was  studied  by  Vanaime  et  al.  [117]  who  found  the  Schottky  barrier  reduction 
(  y  ~6  /o)  due  to  the  change  of  the  stoichiometry  of  the  surface  region  produced  by  the  reactive  ion 
etching.  In  addition,  Stockman  et  al.  [118]  showed  that  the  BEEM  current  homogeneity  and 
stability  over  time  is  very  sensitive  to  the  interface  flatness,  namely  that  the  interface  formed  on  the 
flat  (110)  cleavage  plane  of  a  GaAs(lOO)  wafer,  is  more  homogeneous  than  the  interface  formed  on 
the  as-grown  (100)  plane  and  transmits  ballistic  electrons  for  months  without  any  significant 
deterioration.  In  general,  the  Schottky  barrier  homogeneity  is  a  very  important  device  character¬ 
istic,  since  in  its  absence,  the  integrated  macroscopic  Schottky  barrier  height  extracted  from 
the  I-V  measurements  might  be  quite  different  from  the  averaged  BEEM  threshold  [119]. 

4.2.  BEEM  dependence  on  the  surface  topography 


In  the  case  of  epitaxial  CoSi2  layers  on  Si,  the  average  BEEM  current  depends  on  the  surface 
reconstruction  [120].  On  the  atomic  scale,  the  BEEM  corrugation  was  out  of  phase  with  the  STM 
topography.  This  surface-induced  contrast  of  BEEM  was  attributed  to  the  atomic-scale  variations 
0f  h,e  '  dlstnbutIon  of  tunneling  electrons  (local  variations  of  the  tunneling  barrier).  The 
m-situ  BEEM  measurements  [93]  of  Au/Si(l  11)  and  Au/Si(100)  interfaces  show  the  BEEM  current 
variations  that  correlate  with  the  surface  slope  (larger  BEEM  current  at  atomic  steps  and  grain 
boundaries)  as  shown  in  Fig.  29.  This  result  was  explained  in  terms  of  the  larger  density  of  surface 
states  at  flat  Au  surfaces.  Electrons,  tunneling  from  the  STM  tip  to  such  surface  states,  will  have 
a  substantially  lower  probability  of  reaching  the  interface  before  scattering  inelastically  than  those 
elections  that  tunnel  directly  to  empty  bulk  states.  It  was  noted  that  the  BEEM  contrast  effect  has 
generally  not  been  seen  previously  for  Au  on  Si,  possibly  due  to  the  morphology  or  orientation  of 
the  Au  grams  in  those  studies  [121]. . 

Recently,  Weilmeier  et  al.  [122]  have  successfully  imaged  the  variations  in  the  density  of 
unoccupied  surface  states  by  conducting  BEEM  on  Cu/Au,  Ag/Au  and  Au/Cu/Au  (1 1 1)  overlayers 
UHV-grown  on  S,(100)  and  Si(lll)  substrates  (a  second  (Cu  or  Ag)  film  overlayer,  typically 
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Fig.  29.  STM  and  BEEM  images  of  a  200  A  Au/Si(l  00)  sample.  The  100  nmx350  nm  images  are  obtained  at 
Vx  =  1.1  V  and  /,  =  1  nA.  The  top  image  is  the  STM  surface  height  (17  A  white  to  black),  the  middle  image  is  its 
calculated  surface  slope,  and  the  bottom  image  is  a  map  of  BEEM  current,  /c.  The  mean  BEEM  current  is  2.25  pA  and 
total  range  shown  is  2.4  pA.  BEEM  contrast  is  about  30%  [93], 


0 

30-100 A  thick,  was  deposited  on  an  initially  deposited  100A  Au(lll)  layer).  The  BEEM  results 
were  confirmed  by  STM  spectroscopy  that  yields  a  high  density  of  the  conduction-electron  surface 
states  on  the  flat  areas  of  the  spiral-like  Cu/Au,Ag/Au  and  Au/Cu/Au  (111)  grains.  The  BEEM 
current  increased  on  grain  boundaries  where  the  density  of  the  surface  states  is  small.  This  effect 
was  explained  to  be  due  to  the  preferentially  (111)  oriented  growth  of  the  Au  film  under  UHV 
conditions.  As  a  consequence  of  the  Au  band  structure  restrictions  on  the  electron  propagation  in 
the  normal-to-surface  direction,  higher  current  flows  through  the  unoccupied  surface  states 
With  polycrystalline  metal  films  on  GaP(llO)  [7,123]  and  GaAs(llO)  [118]  substrates,  the 
BEEM  current  was  attenuated  at  grain  boundaries,  and  this  effect  was  attributed  to  elastic 
scattering  decreasing  the  transmission  rate  into  the  semiconductor  conduction-band-centered 
substrate.  In  those  cases  the  metal  band  structure  did  not  forbid  electron  transport  normal  to  the 
surface,  and  thus  there  was  no  involvement  of  surface  states. 
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4.3.  BEEM-induced  modification  of  carrier  transport 

The  variation  of  interface  transmission  properties  under  hot  electron  injection  was  reported  in 
BEEM  experiments.  Fernandez  and  Hellen  et  al.  [4,124]  first  reported  that  the  transmission 
properties  of  some  specific  Au/Si  interfaces  could  be  modified  on  the  nanometer-scale  when  the 
energy  of  injected  electrons  was  a  few  eV  higher  than  the  Fermi  level  of  the  metal  base.  It  was 
pointed  out  that  irreversible  modification  in  the  transmission  rates  for  the  buried  interface  can 
occur  when  the  system  is  stressed  with  electrons  injected  at  K,  >  3  V  above  the  Schottky  barrier. 
Spatially,  the  modification  typically  consists  of  a  region  of  decreased  transmittance  of  a  few 
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Fig.  30.  Topographic  and  simultaneously  acquired  BEEM  images  with  a  tip  bias  V,  —  —  1.30  V  and  tunneling  current 
I,  =  2.5  nA  of  an  Au/n-Si(l  1 1)  sample  after  modification  operation.  The  image  area  is  800A  x  800 A.  The  applied 
voltage  pulse  is  -  4.0  V  with  a  duration  of  10  s.  (a)  STM  topography  of  the  Au  surface.  The  gray-scale  range  is  20  A.  (b) 
Corresponding  BEEM  current  image.  The  gray  scale  covers  a  range  of  3-30  pA.  (c)  Spectroscopic  measurements 
performed  inside  and  outside  the  modified  region  reveal  significant  differences  [125], 
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hundred  A  in  diameter  surrounded  by  a  ring  of  increased  transmittance.  A  model  was  proposed  in 
which  the  tunneling  current  at  high  bias  enhances  diffusion  at  the  interface  resulting  in  a  change  in 
the  local  atomic  distribution. 

Qiu  et  al.  [125]  reported  on  the  observation  of  a  series  of  fabricated  interfacial  features 
with  significantly  different  characteristics.  Under  applied  negative  tip  bias  Vx  >  2.5  V  for 
several  seconds  in  the  Au/n-Si(100)  and  Au/n-Si(lll)  systems,  a  strong  modification  of  the 
BEEM  image  occurred  without  noticeable  change  in  the  surface  topography,  as  shown  in  Fig.  30. 
At  the  center  of  the  modified  zone  there  is  a  dark  “hole”  with  zero  BEEM  current  surrounded 
by  a  ring  with  enhanced  BEEM  current.  The  area  of  this  hole  increased  nearly  linearly 
with  the  exposure  time  (diameter  increased  from  ~300A  to  ~450A  when  exposure  time 
increased  from  5  to  30  s  at  Vt  =  -  4  V).  A  threshold  pulse  voltage  of  about  2.5-2.8  V  has 
been  observed  in  such  a  modification.  When  the  electron  energy  was  lower  than  this  value,  little 
change  could  be  observed  in  the  interface  BEEM  image,  even  with  /t  =  12  nA  and  exposure 
time  of  several  minutes.  Thus  the  mechanism  responsible  for  the  modification  requires  an 
activation  energy  with  the  following  accumulation  of  injected  electrons  (this  is  evident  from 
the  increase  of  the  modified  area  with  the  exposure  time).  Also,  surprisingly,  when  a  voltage 
pulse  of  higher  amplitude,  Vx  =  —  5  V  for  20  s,  was  applied,  the  modified  area  shows 
higher  transmittivity  than  the  unmodified  surface  (Schottky  barrier  remains  essentially  the  same). 
The  authors  concluded  that  the  mechanisms  proposed  earlier  (stacked  Au  terraces  and  Au/Si 
interdiffusion  [124])  to  explain  the  interface  modification  are  not  sufficient  to  account  for  all  the 
observations. 

Recently,  Hasegawa  et  al.  [121]  have  conducted  BEEM  study  on  Au/Si(l  11)  where  the  Si 
substrate  was  chemically  treated  by  dipping  into  5%  HF  solution  prior  to  gold  deposition.  They 
have  shown  that  by  applying  a  negative  voltage  of  F,  >  3  V  on  the  tip  for  several  seconds,  a  local 
region  was  created  where  no  BEEEM  current  flows  at  the  interface.  The  modified  area  can  be 
erased  by  applying  a  voltage  with  the  opposite  polarity  (see  Fig.  31).  It  is  found  that  the  minimum 
size  of  writing  and  erasing  corresponds  to  Au  grains,  suggesting  a  method  of  rewritable  memory  on 
a  nanometer  scale.  The  possible  origin  of  this  effect  is  due  to  vacancies  or  due  to  the  charging  effects 
at  the  interface. 


5.  BEEM  on  buried  semiconductor  heterostructures 

Although  originally  the  BEEM  technique  was  invented  as  a  unique  microscopic  and  spectro¬ 
scopic  method  to  probe  the  Schottky  barriers  on  a  local  scale,  the  BEEM  technique  can  be 
successfully  used  to  study  the  electronic  properties  of  buried  heterojunctions.  If  there  is  an 
additional  potential  barrier  (higher  than  the  Schottky  barrier)  in  the  path  of  the  injected  carriers, 
the  threshold  should  correspond  to  the  height  of  this  barrier.  This  is  the  essence  of  the  heterojunc¬ 
tion  experiments  using  BEEM  to  probe  the  semiconductor  band  structure  (spatially)  beneath  the 
m-s  interface.  The  modeling  of  the  BEEM  transport  in  interference  filter  structures  clearly 
demonstrated  the  potential  of  BEEM  to  probe  buried  quantum  structures  [126].  Recent  research 
has  proven  that  BEEM  is  a  very  powerful  method  for  imaging  and  electron  spectroscopy  of  buried 
defects  and  low-dimensional  quantum  structures. 
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Fig.  31.  Series  of  STM  (left)  and  BEEM  (middle)  images  during  an  erasing  process  of  the  Au/Si(l  1  1)  interface,  (a)  Images 
taken  before  the  process  and  (b)-(e)  images  taken  after  every  scanning  with  a  positive  voltage  of  1.34  V.  The  size  of  the 
images  is  47  nm  x  47  nm.  Schematics  shown  on  the  right  demonstrate  a  variation  of  Au  grain  structures  with  the  BEEM 
current  contrast  together  [121]. 


5.1.  BEEM  in  simple  metal /semiconductor  structures 

5.1.1 .  Metal/II-VI-  and  metal /IV-semiconductor  systems 

So  far,  only  few  BEEM  studies  were  reported  on  metal/II-VI  semiconductor  systems.  The 
BEEM  technique  was  applied  to  measure  the  Schottky  barrier  contacts  fabricated  by  evaporating 
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Au  on  as-grown  n-ZnSe  [104]  and  on  chemically  etched  n-ZnSe  [127]  and  CdTe  [119].  BEEM 
studies  in  as-grown-prepared  Au/ZnSe  give  relatively  narrow  Schottky  barrier  height  distribution 
(1.32-1.43  eV)  [128],  in  contrast  to  wide  Schottky  barrier  height  distribution  (1.53-2.15  eV)  found 
in  Au/ZnSe  diodes  prepared  by  chemical  etching  [129]. 

For  metal/IV  semiconductor  systems,  one  of  the  first  applications  of  BEEM  was  the  nanometer- 
scale  study  of  ballistic  transport  in  the  metal/Si  Schottky  barrier  system  [23],  and  today  this  system 
is  probably  the  most  studied  system  in  BEEM  experiments  and  model  calculations.  Some  BEEM 
results  for  this  system  were  reviewed  in  Sections  2  and  3  of  the  current  paper  (see  also  previous 
review  articles  [2,3]). 

Recently,  BEEM  study  of  group-IV  semiconductors  was  extended  to  SiGe  and  SiC  compounds. 
Bell  et  al.o[12,130]  had  applied  BEEM  to  study  the  effect  of  strain  in  metal/Si  x  _.xGex/Si  structures. 
The  500A  Si^Ge*  layers  (x  =  0.18  and  0.25)  were  pseudomorphically  strained  (well  below  the 
critical  thickness).  The  presence  of  strain  modifies  the  Six  -xGex  band  structure.  Whereas  Au/  Si(100) 
BEEM  spectra  show  a  single  threshold,  the  Au/Six  _xGex/Si  BEEM  spectra  usually  exhibited  two 
thresholds  (a  splitting  of  ~0.3  eV  at  x  =  0.25).  These  thresholds  were  attributed  to  the  strain-induced 
conduction  band  splitting  of  Six  -xGe*.  The  threshold  positions  as  a  function  of  the  splitting  were 
found  to  follow  the  theoretical  work  of  Van  de  Walle  and  Martin  [131],  who  predicted  that  the  four 
strain-equivalent  conduction  band  minima  in  the  layer  plane  are  lowered  in  energy,  while  the  two 
minima  normal  to  the  plane  are  raised  in  energy.  Based  on  BEEM  results,  the  spatial  distribution 
of  strain  in  Six  -xGex  layers  was  found  to  be  very  heterogeneous  (conduction  band  splitting  varied 
from  0  to  0.35  eV  from  point  to  point  across  the  sample  surface).  This  characteristic  was  explained 
in  terms  of  the  Au/Sii-^Ge*  interface  roughening  by  Au-Si  interdiffusion.  Indeed,  in  the  case  of 
Ag/Sii-*Gex  where  the  interface  is  smooth,  the  observed  splitting  was  uniform  [130]. 

In  the  case  of  SiC,  which  is  a  technologically  important  IV-IV  compound  wide-bandgap 
semiconductor,  the  Schottky  barrier  height  was  studied  for  (Pd,Pt)/6H-SiC  (1.27  eV,  1.34  eV)  and 
(Pd,Pt)/4H-SiC  (1.54  eV,  1.58  eV)  [21,22],  In  4H-SiC,  an  additional  CBM  was  observed  at 
• —  0. 14  eV  above  the  lowest  conduction  band  minimum.  Enhanced  ballistic  transmittance  (without 
significant  change  of  the  Schottky  barrier)  was  observed  over  a  region  intentionally  stressed  by 
injecting  high-kinetic-energy  hot  electrons  (10  eV  above  the  Fermi  level)  using  BEEM  in  the 
Pt/4H-SiC  system. 

5.1.2.  Metal fill-  V  semiconductor  systems 

The  BEEM  technique  was  extensively  applied  to  study  Schottky  barriers  and  hot  electron 
transport  peculiarities  in  many  metal/III-V  semiconductor  structures,  e.g.  Au/GaAs  [5,  29, 49,  84, 
116],  (Au,Mg,Cr)/GaP  [7,64],  Au/InAs  [132-134],  (Au,Co)/GaAs0.67Po.33  [100]  and  Al/AlSb 
[135].  In  this  section,  we  will  discuss  the  very  recent  BEEM  results  in  several  important  compound 
semiconductors  such  as  GaN,  GalnP  and  GaAsN. 

5. 1.2.1.  GaN.  Although  GaN  exhibits  high-efficiency  optical  performance  despite  its  extremely 
high  dislocation  densities  [136],  the  dislocations  are  very  likely  to  have  significant  electrical  and 
structural  impact  on  high-power  electronic  devices. 

Recent  study  of  Brazel  et  al.  [18]  has  revealed  high  BEEM  current  densities  and  low  effective 
Schottky  barrier  heights  in  small  localized  areas  around  dislocations  with  a  screw  component.  The 
GaN-films  used  in  that  study  were  grown  by  metal  organic  vapor  deposition  (MOCVD)  at 
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Fig.  32.  Collector  current  image  (a)  and  simultaneously  taken  STM  image  (b)  of  the  70  A  Au  cap  layer  of 
a  2500  A  x  2500  A  area  (/,  =  1  nA,  V,  =  —  1.8  V).  The  small  high-current  area  (  ~  500  pA,  bright  spot)  surrounded  by 
areas  with  zero  collector  current  (  <  0.2  pA)  shown  in  (a)  is  typical  for  the  investigated  GaN-films.  The  Au  layer  (right) 
exhibits  a  pit  (dark)  at  the  location  of  the  high-current  area  (bright  spot  (a))  [18]. 


atmospheric  pressure.  For  these  measurements  unintentionally  doped,  n-type  GaN-films  of  thick¬ 
ness  ranging  from  1  up  to  3  pm  were  deposited  on  c-plane  sapphire  substrates.  Fig.  32(a)  shows 
a  typical  collector  current  distribution  for  the  MOCVD-grown  GaN  films  deposited  on  c-plane 
sapphire  substrates.  From  most  parts  of  the  sample  no  collector  current  was  detectable  (dark  area), 
and  only  in  small  localized  spots,  like  the  shown  light  area,  high  collector  currents  could  be 
observed.  In  this  representative  case,  the  measured  current  was  ~500  pA,  which  is  half  of  the 
injected  1  nA  tunneling  current.  To  localize  the  high  current  areas  on  the  sample  surface  and 
possibly  correlate  them  with  surface  features,  images  of  the  current  distribution  and  the  topogra¬ 
phy  were  taken  simultaneously.  Fig.  32(b)  shows  the  STM  image  of  the  Au  cap-layer,  which 
corresponds  to  the  collector  current  image  in  Fig.  32(a).  The  70  A  thick  Au-layer  exhibits  a  ~500  A 
wide  pit  at  exactly  the  same  position  of  the  high  current  area  in  the  collector  current  image.  An 
AFM-image  taken  of  the  same  sample  shows  several  of  these  pits  that  represents  the  surface 
terminations  of  mixed  and  pure  screw  dislocations.  Thus,  it  was  concluded  that  the  high  BEEM 
current  areas  are  located  at  dislocations  with  screw  character.  To  get  information  about  the 
Schottky  barrier  heights,  the  BEEM  spectroscopy  in  both  high  and  low  currents  areas  was  carried 
out.  The  low  current  areas  do  not  show  any  measurable  collector  current,  whereas  for  the  high 
current  areas,  we  have  found  barrier  heights  in  the  range  from  ~0.3  up  to  ~0.95  eV.  The  threshold 
values  vary  within  one  high-current  area  and  from  area  to  area.  In  addition,  it  was  possible  to 
reverse  the  tunneling  voltage  and  inject  holes  into  the  very  same  high  current  areas  as  well,  with  the 
observed  threshold  energy  of  ~0.3  to  1.3  eV,  as  shown  in  Fig.  33.  The  observed  thresholds  for 
carrier  injection  do  not  seem  to  be  typical  Schottky  barriers,  but  rather  capturing  barriers  of  trap 
states  in  the  vicinity  of  the  dislocations.  These  results  definitely  suggest  that  acceptor-  and 
donor-like  trap  states  coexist  in  the  same  area,  and  are  being  filled  during  carrier  injection  into  the 
GaN.  The  maximum  threshold  energies  observed  for  electrons  (0.95  eV)  and  holes  (1.3  eV)  add  up 
to  2.25  eV,  remarkably  close  to  the  parasitic  yellow  luminescence  commonly  observed  in  GaN.  In 
the  future,  we  plan  to  conduct  more  experiments  to  answer  the  question  whether  the  same 
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Fig.  33.  BEEM  spectra  for  electron  and  hole  injection.  Log-plots  like  the  one  shown  in  the  inset  were  used  to 
approximately  determine  the  threshold  voltage  necessary  for  current  injection  into  the  high-current  areas  [18]. 


electronic  states,  which  are  causing  the  high  current  densities  are  also  responsible  for  the  yellow 
luminescence. 

Bell  et  al.  [17,19,137]  also  studied  metal/GaN  Schottky  barriers.  The  GaN  layer  of  ~2  pm 
thickness  was  grown  by  MOCVD  on  a  (000  1)  sapphire  substrate.  After  several  attempts,  they 
succeeded  in  measuring  the  BEEM  current  in  the  Au/GaN  and  Pd/GaN  systems  if  the  GaN  surface 
had  been  spin  etched  using  1:10  HCkethanol  solution  prior  the  metal  deposition.  Two  thresholds 
were  observed  in  the  BEEM  spectra  (~  1  and  1.2  eV)  [17].  The  first  threshold  was  interpreted  to  be 
the  Schottky  barrier  (consistent  with  the  conventional  macroscopic  I-V  measurements),  while  the 
origin  of  the  second  threshold  might  be  due  to  the  strain-induced  conduction  band  splitting. 
Imaging  of  the  Au/GaN  interface  reveals  transmission  in  nearly  all  areas,  although  the  magnitude 
is  small  and  varies  by  an  order  of  magnitude  (0.2-2  pA  at  /,  =  2  nA),  as  shown  in  Fig.  34.  It  was 
shown  that  if  the  HCl/ethanol  treatment  of  the  GaN  surface  is  followed  by  sample  annealing  in 
UHV  or  in  N2  prior  Au  deposition,  much  higher  and  more  uniform  transmission  across  the 
Au/GaN  interface  can  be  achieved  [19].  However,  while  the  GaN  annealing  resulted  in  more  than 
one  order  of  magnitude  increase  of  the  BEEM  current,  it  also  resulted  in  undesired  alteration  of  the 
Schottky  barrier  height.  Fig.  35  shows  to  reduction  of  the  Schottky  barrier  from  ~  1.06  V  to  ~0.92 
and  to  ~0.69  V  after  UHV  annealing  for  15  min  at  340  and  580°C,  respectively.  These  barrier 
height  changes  were  interpreted  in  terms  of  creation  of  vacancies  or  their  diffusion  toward  the  GaN 
surface. 
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Fig.  34.  STM  topography/BEEM  image  pair  for  a  Au/GaN  sample.  The  topography  of  the  Au  surface  was  obtained  at 
V,  =  0.5  V,  /,  =  I  nA,  and  the  BEEM  image  was  recorded  at  K,  =  1.8  V,  /,  =  2  nA.  Topographic  height  range  is  9  nm, 
and  /c  ranges  from  about  0.2  to  2  pA;  imaged  area  is  190  x  160  nm  [137]. 


TUNNEL  VOLTAGE  (V) 


Fig.  35.  BEEM  spectra  for  two  different  Au  (8  nm)/GaN  samples,  (a)  Spectrum  for  a  sample  annealed  in  UHV  at  340°C 
for  15  min.  (b)  Spectrum  for  a  sample  annealed  at  580°C.  Here  transmission  is  increased,  and  barrier  height  is 
substantially  decreased  [19]. 


5. 1.2.2.  GalnP.  In  the  past  decade,  spontaneous  CuPt  ordering  of  many  III-V  alloys  has  been 
widely  observed  in  vapor  phase  growth  on  (001)  substrates.  In  Ga0.52Ino.48P  (written  as  GaInP2 
for  simplicity),  extensive  theoretical  [138,139]  and  experimental  [140]  work  has  been  carried  out  to 
study  the  effect  of  the  ordering-induced  reduction  of  the  crystal  symmetry  on  the  structural,  optical 
and  transport  properties  of  the  ordered  material.  Ordering  induced  changes  in  the  band  structure 
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of  GaInP2  are  important  for  its  application  in  advanced  solar  cells  with  very  high  conversion 
efficiency,  for  potential  band-gap  engineering  and  for  fundamental  studies  of  atomic  ordering. 

Perfectly  ordered  material  has  not  been  observed.  The  electronic  states  of  a  partially  ordered 
structure  can  be  interpolated  from  those  of  the  totally  disordered  and  the  perfectly  ordered 
semiconductor  [139].  The  degree  of  ordering  is  usually  described  by  the  ordering  parameter  r], 
where  Es(rj)  =  £g(>j  =  0)  -  ?j2A£g(;;  =  1),  with  rj  =  0  and  1  to  describe  perfectly  disordered  and 
perfectly  ordered  material,  respectively.  Es{rj  =  0),  the  bandgap  of  disordered  GaInP2,  is  2.01  eV  at 
low  temperature  [141]  and  A Ee{ri  =  1),  the  maximum  bandgap  reduction  for  perfectly  ordered 
GaInP2,  is  0.47  eV  [142].  In  the  most  ordered  GaInP2  structures,  the  highest  ordering  parameter 
rj~ 0.6  [143],  and  the  degree  of  ordering  is  nonuniform  on  the  local  scale. 

To  characterize  the  structural  and  electronic  properties  of  GaInP2,  we  have  applied  the  BEEM 
technique  [15,16].  The  undoped  GaAs/GaInP2  structures  on  n  +  -  and  p+-  GaAs  substrates  were 
grown  by  MOCVD  at  Ts  =  650°C.  The  structures  consist  of  a  500  A  undoped  GaAs  buffer  layer, 
a  1  pm  GaInP2  and  a  50  A  GaAs  cap  layer.  The  details  of  the  diode  fabrication  procedure  have 
been  published  elsewhere  [29].  A  detailed  analysis  is  presented  here  for  the  GaInP2  samples  grown 
on  a  (51 1)  GaAs  substrate  and  on  a  (001)  GaAs  substrate  misoriented  6°  toward  [11 1]B  -  From  the 
low-temperature  photoluminescence,  the  bandgap  energy  (after  correction  on  the  exciton  binding 
energy)  is  ~2.00  eV  for  GaInP2  grown  on  a  (511)  GaAs  substrate  and  ~1.88  eV  for  GaInP2 
grown  on  a  6°[111]B-(001)  GaAs  substrate.  Therefore,  we  conclude  that  the  GaInP2  layer  grown 
on  a  (511)  GaAs  substrate  is  highly  disordered  (hereafter,  disordered  GaInP2)  and  the  GaInP2 
grown  on  a  (001)  GaAs  substrate  misoriented  6°  toward  [11 1]B  is  highly  ordered,  0.5  (hereafter, 
ordered  GaInP2)  [139]. 

Fig.  36  shows  room-temperature  1  pm  x  1  pm  STM  images  of  the  disordered  (a)  and  ordered 
(b)  GaInP2  layer  grown  on  n  +  -GaAs  substrates.  One  can  see  that  the  surface  of  ordered  material 
forms  [110]-oriented  steps.  For  ordered  GaInP2  grown  on  misoriented  substrates,  the  [110]  steps 
are  usually  observed  to  form  only  single  CuPt  variant  [144,145].  For  disordered  GaInP2,  the 
surface  is  found  to  be  much  flatter  than  that  of  ordered  GaInP2.  The  complementary  BEEM 
images  are  also  shown  in  Fig.  36.  The  observed  contrast  of  the  BEEM  image  for  the  ordered 
GaInP2  sample  is  in  direct  correlation  (antiphase)  with  the  surface  morphology,  indicating  high 
sensitivity  and  high  spatial  resolution  of  the  BEEM  technique. 

To  study  the  heterostructure  transmission  coefficient,  we  analyze  the  SD-BEEM  spectra  rather 
than  the  original  BEEM  spectra  [16].  Fig.  37  shows  the  SD-BEEM  spectra  obtained  from  the 
experimental  BEEM  data  by  numerical  differentiation  with  a  10  meV  window.  We  associate  two 
clearly  pronounced  features  in  the  77  K  SD-B.EEM  spectra  of  disordered  GaInP2  with  the  F  and 
L  conduction  minima  contribution  in  GaInP2.  Theoretical  fits  to  the  SD-BEEM  spectrum  for  the 
disordered  GaInP2  sample,  using  the  MSIS  model  [5,85],  are  shown  in  Fig.  37  by  the  dashed  line. 
The  MSIS  model  fit  describes  the  experimental  BEEM  spectrum  reasonably  well,  giving  ~90% 
probability  of  the  electron  scattering  at  the  m-s  interface,  similar  to  our  previous  results  for 
GaAs/AlGaAs  structures  [5].  The  absence  of  a  contribution  from  the  X  conduction  minimum  is 
due  to  strong  X-electron  attenuation  in  the  GaAs  cap  layer  [5]. 

The  SD-BEEM  spectrum  of  the  ordered  GaInP2  sample  presented  in  Fig.  37  show  a  very 
important  difference  from  that  of  the  disordered  GaInP2 .  Namely,  we  observe  two  high-energy 
peaks  instead  of  one  peak  in  disordered  GaInP2.  We  assign  both  high-cncrgy  peaks  to  be 
associated  with  the  L  valley  contribution.  In  CuPt-type  ordered  GalnP2,  one  of  the  four  L  valleys 
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(a)  (b) 


Fig.  36.  Room-temperature  1  pm  x  1  pm  STM  image  (top)  and  BEEM  image  (bottom)  of  GaAs/GaInP2  layer  grown  by 
MOCVD  on  (a)  (5  1  1)  n-GaAs  substrate,  (b)  on  n-GaAs  substrate  misoriented  by  6°  to  [1 1 1]B.  A  tip  bias  is  —  1.7  V  and 
a  tunnel  current  is  4  nA  [16]. 
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Fig.  37.  SD-BEEM  spectra  for  two  Ga As/Gain P2  (ordered  and  disordered)  samples  with  50  A  GaAs  cap  layers,  taken  at 
T  =  77  K.  For  clarity,  the  spectra  are  shifted  along  the  vertical  axis.  The  MSIS  model  calculations  are  also  presented 
(dashed  line).  The  top  inset  shows  the  photoluminescence  spectra  for  both  ordered  and  disordered  GaInP2  samples, 
whereas  two  bottom  insets  show  the  schematic  of  the  GalnP2  band  structure  [I6J. 
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folds  onto  the  f  point  (hereafter  Lr),  and  the  other  three  are  folded  onto  the  D  point  (hereafter  LD). 
A  strong  repulsion  between  the  r  valley  and  the  folded  Lr  valley  results  in  the  bandgap  reduction 
and  in  the  increase  of  the  F-Lr  separation,  while  the  energetic  position  of  the  LD  remains  almost 
the  same.  Therefore,  we  conclude  that  the  two  observed  high-energy  peaks  for  the  ordered  sample 
are  the  contribution  of  the  L  valleys  that  are  split  due  to  ordering. 

The  “folded”  zone-edge  bands  were  observed  experimentally  in  electro-reflectance  [146]  and 
Raman  spectroscopy  [147]  measurements.  In  the  recently  reported  electro-absorption  experiments 
on  ordered  GaInP2  (t 7  ~  0.45)  [148],  an  additional  feature  was  observed  at  ~0.48  eV  above  the 
fundamental  bandgap  transition,  and  this  feature  was  attributed  to  the  back  folded  L  conduction 
band.  As  the  ordering  decreases,  this  peak  shifts  to  lower  energies,  with  an  asymptotic  value  of 
~0.33  eV  above  the  fundamental  bandgap  transition  for  a  totally  disordered  sample.  In  Refs. 
[146-148],  due  to  the  selection  rules,  only  the  contribution  from  the  L  valley  folded  onto  the 
F  point  was  observed.  In  contrast,  we  observe  the  contribution  from  all  L  valleys  and,  as 
a  consequence,  can  measure  directly  the  T-L  separation  in  disordered  GaInP2  as  well  as  the 
ordering-induced  L  valley  splitting  in  ordered  GaInP2.  According  to  our  results,  d(.T-L)= 0.35  eV 
for  a  disordered  sample,  d(F-Lr)^  0.47  eV  and  d(Lr-LD)^0.13  eV  for  an  ordered  sample.  These 
results  are  in  a  good  agreement  with  the  theoretical  predictions.  Indeed,  as  pointed  out  by  Zunger 
[149],  it  is  possible  to  obtain  the  dependencies  d(T-Lr)  =  A(r-L),l=0  +  0.50t]2  and  A(Lr-LD )  = 
0.42 rj2,  using  Table  1  and  Fig.  3(b)  of  Ref.  [150].  Then,  taking  tj  =  0.5  and  A(r-L),l=0  =  0.35  from 
our  experiment,  d(r-LF) ^0.475  eV  and  A(Lr-LD)^ 0.11  eV. 

5. 1.2.3.  GaAsN.  Recently,  a  new  class  of  III-V  alloys,  where  small  amounts  of  nitrogen  replace 
the  group  V-element,  has  attracted  a  great  deal  of  attention  because  of  the  observation  of  a  giant 
bandgap  reduction.  In  the  case  of  dilute  GaAs,  _XNX,  for  example,  the  bandgap  is  reduced  by  more 
than  0.4  eV  at  x~0.04,  indicative  of  a  colossal  bandgap  bowing  parameter  [151-155].  Such  a  large 
tuning  range  suggests  also  a  great  potential  for  such  alloys  for  a  variety  of  optoelectronic 
applications  [156,157], 

To  shed  new  light  on  the  GaAsj  -XNX  band  structure  we  have  applied  the  BEEM  technique  to 
study  the  electron  transport  in  the  conduction  band  of  GaAsj  _XNX  alloys  [20].  A  1000  A  undoped 
GaAsi_xNx  layer  and  1000  A  n+-GaAs  buffer  layer  were  grown  on  n+  (OOl)-oriented 
GaAs  substrates  by  gas  source  molecular  beam  epitaxy  at  420°C  (the  details  of  the  growth 
conditions  were  published  elsewhere  [158]).  A  detailed  analysis  is  presented  here  for  a  set  of 
Au/GaAsi_*Nx/n+-GaAs  with  the  nitrogen  compositions  of  x  =  0,0.003,0.005,0.007,0.012,0.017 
and  0.021.  The  composition  of  GaAsi  _XNX  layers  was  determined  from  dynamic  simulations  of  the 
X-ray  diffraction  spectra.  High-resolution  X-ray  diffraction  data  also  demonstrated  that  these 
layers  are  indeed  single-phase  alloys,  in  accordance  with  previous  photoluminescence  studies  that 
have  indicated  the  allo^  formation  already  at  x  >  0.001-0.0025  [159,160],  To  make  the  Schottky 
contacts,  Au  layers  (65  A  thick)  were  deposited  by  thermal  evaporation  through  a  shadow  mask  at 
a  background  pressure  of  2  x  10“ 7  Torr.  The  details  of  the  diode  fabrication  procedure  have  been 
published  elsewhere  [29]. 

Fig.  38  shows  the  room-temperature  BEEM  spectra  of  GaAst  _XNX  for  seven  different  nitrogen 
compositions.  For  all  nitrogen  compositions  except  x  =  0,  one  can  distinguish  two  thresholds  in 
BEEM  spectra.  As  the  nitrogen  concentration  increases,  the  low-energy  threshold  shifts  towards 
lower  voltages  whereas  the  high-energy  threshold  shifts  towards  higher  voltages  (the  thresholds’ 
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Fig.  38.  Room-temperature  BEEM  spectra  for  seven  different  nitrogen  compositions  (from  0  to  0.021).  For  clarity,  the 
BEEM  spectra  are  shifted  along  the  vertical  axis.  Arrows  are  eye-guides  for  the  peaks  position  development.  Insert  shows 
the  corresponding  representative  SD-BEEM  spectra  for  three  different  nitrogen  compositions  (0.003,  0.007  and  0.017) 
[20]. 

development  is  shown  by  arrows  in  Fig.  38).  This  behavior  is  very  different  from  our  previously 
reported  BEEM  studies  of  AlGaAs  [5]  and  GaInP2  [16],  where  only  the  first  threshold  (counting 
from  low  voltages)  can  be  unambiguously  seen  from  the  original  BEEM  spectra  (all  additional 
thresholds  are  visible  to  the  naked  eye  only  in  the  SD-BEEM  spectra). 

The  representative  room-temperature  SD-BEEM  spectra  extracted  from  the  experimental 
BEEM  spectra  by  numerical  differentiation  with  a  10  meV  window  are  shown  in  the  inset  of 
Fig.  38.  Two  main  features  (peaks)  observed  in  the  SD-BEEM  spectra  we  associate  with  the  F-like 
and  L-like  conduction  minima  in  GaAsi  _XNX.  Indeed,  it  is  apparent  from  Fig.  38  that  these  peaks 
originate  from  gradually  moving  apart  the  F  and  L  peaks  of  GaAs  identified  in  our  previous  study 
[5].  The  BEEM  weighting  of  the  different  bands  is  proportional  to  their  DOS’s  [85],  and  since 
nitrogen  substitution  results  in  the  splitting  of  the  fourfold  L  valley  into  the  ai(Llc)  singlet  and 
t2(Llc)  triplet  states  [161,162],  the  L-like  band  in  the  BEEM  experiments  is  mostly  weighted  on  the 
h(Lic)  triplet  state.  The  SD-BEEM  spectra  of  two  GaAs!  _XNX  samples,  x  =  1.2  and  1.7  (see  inset 
of  Fig.  38),  reveal  an  additional  weaker  peak  (indicated  by  the  arrow),  located  ~0.40  and  ~0.43  eV 
above  the  F-like  state,  respectively.  (At  lower  nitrogen  concentrations,  this  peak  is  probably 
masked  due  to  the  insufficient  F-like  and  L-like  peaks  separation,  whereas  at  higher  nitrogen 
concentrations,  due  to  the  alloy-scattering-induced  signal  decrease,  our  sensitivity  is  too  low  to 
extract  reliably  the  SD-BEEM  spectra).  This  peak  might  represent  the  contribution  from  the 
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Fig.  39.  (a)  First-principles  LDA  calculations  of  the  Flc  and  Lic  compositional  dependencies  of  GaAs1_xNx.  (b)  The 
compositional  dependencies  of  the  thresholds  observed  in  the  SD-BEEM  spectra  of  GaAs!  _*NX.  The  solid  line  is  the 
best  linear  fit  to  the  /'-like  threshold  giving  a  slope  of  —  16.4  eV  [20,164]. 


ai(Lic)  singlet  state.  The  weaker  amplitude  of  this  peak  matches  the  expected  small  DOS  due  to  the 
increasing  E-character  of  the  ax  (Llc)  state  in  the  alloy  limit  [163].  The  compositional  dependencies 
of  the  thresholds  observed  in  the  SD-BEEM  spectra  plotted  in  Fig.  39(b)  are  in  a  good  agreement 
with  recent  first-principles  theoretical  calculations  [164]  presented  in  Fig.  39(a).  The  alternative 
L-like  band  identification  as  a  localized  resonant  nitrogen  level  (see  Ref.  [165])  is  very  unlikely 
because  in  this  case  one  would  expect  a  resonant  nitrogen-level  contribution  to  increase  with  the 
nitrogen  concentration  (larger  DOS),  whereas  the  experimentally  observed  high-energy  peak 
amplitude  decreases  with  the  nitrogen  concentration.  The  absence  of  the  X  conduction  minimum 
contribution  in  GaAs!  -XNX  is  due  to  the  image  potential-induced  strong  electron  scattering  in  the 
spacer  between  the  metallurgical  m-s  interface  and  the  maximum  of  the  barrier  height  [2],  similar 
to  our  previously  reported  results  [5], 

As  the  nitrogen  concentration  increases,  the  Au/GaASi  -XNX  Schottky  barrier  (E-like  threshold) 
decreases  considerably,  from  ~0.92  eV  at  x  =  0  down  to  ~0.55  eV  at  x  =  0.021,  as  shown  in 
Fig.  39(b).  The  solid  line  in  Fig.  39(b)  is  the  best  linear  fit  to  the  experimental  data  (with  a  slope  of 
-  16.4  eV).  Using  Eg(GaAs)  =  1.42  eV  and  Eg(GaN)  =  3.5  eV  at  room  temperature,  the  same 
slope  of  Eg(GaAs1_aNx)  would  correspond  to  the  bowing  parameter  of  —  18.9  eV.  This  value  of 
the  EB  bowing  parameter  is  in  a  good  agreement  with  the  experimental  estimates  [152,166,167], 
Thus,  we  conclude  that  the  nitrogen-induced  Schottky  barrier  reduction  follows  approximately  the 


490 


V.  Narayanamurti,  M.  Kozhevnikov  /  Physics  Reports  349  (2001)  447-514 


bandgap  reduction  in  GaAsi_xNx.  This  result,  that  is  very  important  for  device  applications, 
indicates  that  the  effect  of  the  nitrogen  incorporation  on  the  valence  band  is  small,  in  agreement 
with  other  studies  [156,161]. 

5.2.  BEEM  spectroscopy  to  study  band  offsets  in  buried  semiconductor  heterostructures 

To  engineer  useful  heterojunction-based  devices  and  predict  their  performance,  the  values  of 
the  band  offsets  must  be  accurately  known.  While  originally  invented  to  study  Schottky 
barriers,  BEEM  spectroscopy  can  be  effectively  employed  for  the  band  offset  measurements 
by  comparative  study  of  a  reference  metal/semiconductor  system  (e.g.  Au/GaAs)  and  of  an 
essentially  similar  system  but  with  a  buried  semiconductor  barrier  beneath  the  m-s  interface 
(e.g.  Au/GaAs/AlxGa1_xAs).  In  such  a  way,  the  band  offset  is  obtained  by  subtracting  the  BEEM 
threshold  of  the  reference  sample  from  the  BEEM  threshold  of  the  sample  with  the  buried 
heterojunction  barrier.  Such  structures  have  the  advantage  that  the  m-s  (e.g.  Au/GaAs)  interface  is 
invariant  and  allows  a  systematic  comparison  to  be  made  as  one  varies  the  nature  of  heterostruc¬ 
ture  and  alloy  composition.  In  addition,  BEEM  offers  certain  advantages  as  compared  to  the 
standard  techniques  for  the  heterojunction  band  offset  measurements,  such  as  interband  optical 
and  macroscopic  electrical  techniques.  Namely,  BEEM  allows  independent  measurements  of  the 
conduction  band  offset  (AEC)  and  the  valence  band  (A £v)  offsets  of  “unbiased”  heterojunctions  as 
well  as  allows  a  high  locality  of  the  band-offset  measurements.  Spatially  resolved  BEEM  spectro¬ 
scopy  is  especially  useful  to  study  the  band  offsets  of  localized  buried  heterostructures,  which  are 
too  small  to  contact  by  traditional  methods  (for  example,  see  Section  5.4.3. 2  for  the  BEEM  study  of 
buried  GaSb  quantum  dots  embedded  into  the  GaAs  matrix). 

O’Shea  et  al.  [29]  have  applied  BEEM  spectroscopy  to  measure  band  offsets  in  buried 
GaAs/AlxGa!  _xAs  heterojunction  for  0  <  x  <  1.  For  the  single  barrier  case  (see  Fig.  40(a)),  the 
AlxGaj  _xAs  barrier  height  was  altered  by  systematically  varying  the  Al  composition.  The  barrier 
thickness  was  100  A  and  the  GaAs  capping  layer  was  also  100  A.  Be  <5-doping  in  the  GaAs  capping 
layer  was  used  to  flatten  the  conduction  band.  The  conduction  band  offset  first  rises  linearly  to 
a  maximum  of  ~0.35  eV  at  x~0.4  and  then  falls  gradually  to  ~0.3  eV  at  x  =  1.0.  This  behavior  is 
a  consequence  of  the  fact  that  AlxGai  _xAs  is  a  direct  semiconductor  at  x  <  0.42  and  an  indirect 
one  at  x  >  0.42.  In  the  direct  regime  (x  ^  0.42),  it  was  shown  that  the  band  offset  of 
A£c/AEg  =  0.68  measured  by  BEEM  spectroscopy  (see  Fig.  40(c))  is  in  a  good  agreement  with 
previous  measurement  by  other  techniques,  thus  demonstrating  the  accuracy  of  the  BEEM 
spectroscopy  technique.  It  was  found  that  the  conduction  band-offsets  are  the  same  at  T  =  300 
and  77  K.  This  result  is  in  reasonable  agreement  with  another  BEEM  study  that  was  performed 
on  a  Au/GaAs/Alo.aGao.sAs/GaAs  single-barrier  structure  at  T  =  7  and  77  K  [32],  Qc  =  0.58 
(0.60)  at  T  —  77  K  (7K).  Note  that,  in  addition  to  the  band-offset  measurements,  the  Au/GaAs/ 
AlxGa!  _xAs  system  was  extensively  studied  for  different  aspects  of  multivalley  electron  transport 
in  AI*Gai_xAs  (Refs.  [29,49,168])  as  well  as  for  quantitative  analysis  of  the  electron  scattering  at 
the  m-s  interface  (see  Section  2.4). 

O’Shea  et  al.  [169]  have  also  employed  BEEM  to  study  the  conduction  band  and  valence  band 
offsets  in  GaInP2/GaAs  single  barrier  heterostructures  that  are  very  promising  to  use  in  lasers, 
light-emitting  diodes,  hctcrojunction  bipolar  transistors,  and  solar  cells.  (To  optimize  these  devices, 
control  and  understanding  of  the  interface  properties  are  essential.  Yet,  such  fundamental 


V.  Narayanamurti,  M.  Kozhevnikov /  Physics  Reports  349  (2001)  447-514 


491 


Voltage  (V) 


Fig.  40.  (a)  Calculated  conduction  band  profile  for  AlxGa,  _xAs  (x  =  0.42)  single  barrier  structure  assuming  a  Au/GaAs 
Schottky  barrier  of  0.92  eV.  T  =  300  K.  The  <5-doped  sheet  (Be,  1.1  x  1012  cm-2)  was  used  to  flatten  the  bands.  The  MBE 
layer  structure  is  shown  in  the  inset,  (b)  Comparison  of  room-temperature  (RT)  BEEM  spectra  (point)  for  AlxGa,  _xAs 
single  barriers.  Also  shown  are  BK  fits  to  the  data  (lines).  Note  the  shift  in  the  initial  BEEM  threshold  (arrows)  with  A1 
composition  gives  the  conduction-band  offset,  (c)  RT  and  77  K  AI^Ga,  _xAs  conduction-band  offsets  (points)  measured 
by  BEES.  Linear  fits  (lines)  at  both  temperatures  give  AEC  =  (0.84  eV)x.  or  a  fractional  band  offset  of 
Qc  =  AEC/AES  =  0.68.  The  linear  curve  fits  and  some  data  points  are  overlapping  [29]. 


parameters  as  heterojunction  band  offsets  are  not  well  understood.  Experimentally,  values  of 
conduction  band  offsets  ranging  from  30  to  390  meV  have  been  reported  [170].  Since  the  bandgap 
of  GaInP2  changes  with  the  ordering  parameter,  it  is  likely  that  ordering  is  responsible  for  some  of 
the  variation  in  previous  A Ec  measurements.)  The  calculated  band  profiles  and  layer  structures  for 
the  n-  and  p-type  GaInP2/GaAs  single  barrier  samples  grown  by  MOCVD  at  atmospheric 
pressure  are  given  in  the  upper  panel  of  Fig.  41.  The  5-doping  sheet  concentration  was  calculated  to 
cancel  the  band  bending  at  room  temperature  near  the  Schottky  barrier  enabling  a  measurement  of 
flat-band  heterointerfaces.  The  GaAs  buffer  layers  were  grown  at  650°C,  and  the  susceptor 
temperature  was  ramped  down  to  610°C  after  the  5-doping  for  the  GaInP2  layer  growth.  BEEM 
spectra  for  the  GaInP2  single  barriers  on  n-  and  p-type  GaAs  substrates  are  shown  in  the  lower 
panel  of  Fig.  41.  The  BK  model  was  used  as  a  consistent  procedure  to  determine  the  thresholds. 
Although  the  exact  value  of  each  threshold  will  depend  on  the  model  applied,  the  difference 
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Fig.  41.  Upper  panel  shows  the  calculated  band  profiles  for  n-  and  p-type  GaInP2  single  barrier  structures  (the  MOCVD 
layer  structures  are  given  in  the  inserts).  Lower  panel  shows  representative  BEEM  spectra  (points)  for  (a)  n-  and  (b)  p-type 
samples  containing  GaInP2  layers  grown  at  610°C.  Lines  are  fits  to  the  BK  model  to  determine  the  thresholds,  indicated 
by  arrows.  Curves  offset  by  2  pA  for  clarity  [169]. 


between  the  BEEM  thresholds  of  the  single  barrier  sample  and  the  reference  sample  should 
be  model-independent.  Thus,  the  band  offsets  are  obtained  by  subtracting  the  BEEM  threshold  of 
the  GaAs  reference  samples  from  the  BEEM  threshold  of  the  GaInP2/GaAs  samples. 
GaInP2/GaAs  band  offsets  of  30  and  350  meV  in  the  conduction  and  valence  bands,  respectively, 
were  found  at  room  temperature.  Similarly,  77  K  band  offsets  are  30  and  390  meV  in  the 
conduction  and  valence  bands,  respectively.  Also,  using  the  above  BEEM  results,  it  was  possible  to 
estimate  the  ordering  parameter  in  the  samples  under  study.  Assuming  that  the  sum  of  the  n-  and 
p-type  BEEM  thresholds  should  correspond  to  the  GaInP2  band  gap,  the  BEEM  measurements  at 
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both  77  and  300  K  give  a  bandgap  reduction  of  ~0.1  eV  compared  to  fully  disordered  GalnP,  and 
this  corresponds  to  an  order  parameter  of  f/~  0.45. 

The  BEEM  technique  has  been  also  applied  to  the  Au/n-InAs/GaAs  system  to  study  the 
conduction  band  offset  formation  between  InAs  and  GaAs  as  the  thickness  of  the  InAs  was  varied 
between  0  and  40  monolayers  [132,133].  The  band  offset  between  InAs  and  GaAs  was  found  to 
decrease  with  the  InAs  thickness.  One  monolayer  of  InAs  lowers  the  barrier  from  ~0.9  (original 
Au/GaAs  barrier)  to  ~0.8  eV.  As  the  thickness  of  the  InAs  layer  increases  to  three  monolayers,  the 
barrier  was  found  to  decrease  further  to  ~0.74  eV.  The  barrier  height  remains  approximately 
constant  for  up  to  27  monolayers,  and  then  it  reduces  to  ~0.63  eV  for  the  case  of  33  monolayers 
(100  A)  and  beyond.  The  detailed  variation  of  the  band  offset  was  shown  to  correlate  with  the 
relaxation  of  the  InAs  layer,  i.e.  conduction  band  offset  between  strained  InAs  on  GaAs  depends  on 
the  strain,  and  it  decreases  as  the  strain  relaxates  through  islanding. 

Recently,  BEEM  spectroscopy  has  been  successfully  applied  to  determine  the  conduction  band 
offset  between  AlInGaAs  strained  layer  (active  layer  in  850  nm  vertical  cavity  lasers)  and  a  AlGaAs 
barrier  located  beneath  the  surface  [30].  Also,  BEEM  spectroscopy  has  been  used  to  study  both  the 
conduction  and  valence  band  offsets  between  InAs  and  AlAsSb  at  T  =  77  and  300  K  [31].  It  was 
found  that  with  the  addition  of  As  to  AlSb,  the  conduction  band  offset  between  InAs  and  AlAsSb 
decreases  despite  the  increase  in  the  bandgap.  The  resulting  decrease  in  the  valence  band  position 
causes  the  InAs/AlAsSb  band  lineup  to  change  from  a  staggered  (type  II)  to  a  straddling  (type  I). 

5.3.  BEEM  spectroscopy  to  study  resonant  semiconductor  structures  1 

5.3.1.  Double  barrier  structures 

The  first  BEEM  study  of  resonant  transport  through  a  double  barrier  resonant  tunneling 
structures  (DBRTS)  was  conducted  by  Sajoto  et  al.  [33]  on  GaAs/Al^Ga^^As  heterostructures 
buried  beneath  the  Au/GaAs  interface.  Fig.  42  (left)  shows  the  layer  structure  and  calculated  band 
profile  of  the  DBRTS  structure  whose  design  included  the  5-doped  Be  sheet  to  flatten  the  band 
profile  at  room  temperature.  A  comparison  of  77  K  BEEM  spectra  for  (a)  the  GaAs  reference 
sample,  (b)  the  DBRTS  and  (c)  the  100 A  Al^Gaj  _*As  (x  =  42)  single  barrier  is  given  in  the  right 
panel  of  Fig.  42.  The  threshold  for  the  DBRTS  is  clearly  lower  than  that  for  the  single  barrier 
sample,  which  has  the  same  barrier  height,  and  the  threshold  position  is  in  a  good  agreement  with 
the  calculated  value  of  the  quasi-bound  state  energy  (~1.2  eV).  At  higher  voltages,  additional 
features  are  observed  in  the  DBRTS  spectra,  and  they  were  attributed  to  the  opening  of  additional 
conduction  channels  associated  with  the  higher-lying  L  and  X  valleys. 

The  above  first  study,  where  the  temperature  dependence  of  the  BEEM  spectra  was  used  to 
investigate  the  hot  electron  transport,  led  to  the  further  study  of  the  electron-wave  interference 
effect  on  the  ballistic  transmittance  and  device  performance.  Quantum-interference  filters  were 
designed  and  realized  by  using  GaAs/Alo^GaosAs  as  a  heterostructure  of  choice  [171].  The 
designed  devices  are  in  essence  the  GaAs/Al0.2Ga0.8As  double  barrier  structures  with  one  tunnel¬ 
ing  resonance  (~50  meV  above  the  F  minimum  of  GaAs)  and  next  above-barrier  resonance 
(~200  meV  above  the  f  minimum  of  GaAs).  The  distance  between  Al0.2Ga0.8  As  barriers  of  9  ML 
thickness  was  22  ML  (11  ML)  to  produce  a  constructive  (destructive)  interference  at  the  above¬ 
barrier  quasi-bound  state.  It  was  shown  that  the  SD-BEEM  spectra  accurately  reproduce  the 
transmittance  functions  of  the  designed  half-  and  quarter-wavelength  structures  at  77  and  300  K 
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Fig.  42.  Left  panel  shows  the  layer  structure  and  calculated  band  profile  of  the  DBRTS  structure  whose  design  included 
the  5-doped  Be  sheet  to  flatten  the  band  profile  at  room  temperature.  Right  panel  shows  the  BEEM  spectra  at  77  K  for  (a) 
the  reference  GaAs  sample,  (b)  DBRTS,  and  (c)  GaAs/Alo.42Ga0.58As  single  barrier  sample  [33]. 


(attaining  nearly  temperature-limited  resolution)  (see  Fig.  43).  The  tunneling  resonance  was 
identified  with  a  first  peak  (from  low-energy  side)  in  the  SD-BEEM  spectrum  for  both  devices, 
whereas  the  above-barrier  quasi-bound  state  position  coincided  with  the  higher-energy  peak  (dip) 
for  constructive  (destructive)  interference.  Recently,  the  77  K  SD-BEEM  spectra  of  a  half¬ 
wavelength  filter  were  used  to  measure  fluctuations  in  the  thickness  of  buried  GaAs  and 
Al0.2Ga0.sAs  layers  [172].  By  performing  BEEM  spectroscopy  at  several  different  spatial  loca¬ 
tions  and  by  utilizing  the  relation  between  the  thickness  of  the  device  and  the  energy  of  the 
quasi-bound  states,  single-monolayer  fluctuations  were  detected  in  the  thickness  of  both  the  GaAs 
quantum  well  and  the  surrounding  Al0.2Ga0.sAs  barriers. 

5.3.2.  Superlattices 

A  miniband  in  a  short  period  superlattice  (SL)  covers  a  rather  broad  energy  range  compared  to 
a  double  barrier  resonant  tunneling  diode  and,  therefore,  electron  transport  through  its  states  is 
expected  to  be  more  pronounced  and  better  resolved. 

Cheng  et  al.  [135]  have  applied  BEEM  to  study  electron  transport  in  InAs/AlSb  SLs.  The  barrier 
was  too  low  for  the  SL  to  allow  consistent  probing  by  BEEM  spectroscopy.  However,  the  SL 
BEEM  signal  was  elevated  above  the  background  noise  after  repeated  stressing  of  the  metal 
surface.  A  BEEM  threshold  of  0.8  eV  was  observed  for  the  Au/24  A-period  SL  system  after  the 
stress  treatment. 

o  o 

Smoliner  et  al.  [35,173]  have  used  a  buried  10-period  30  A  GaAs/25  A  Al0.4Ga0.6As  SL  (with 
one  below-barrier  miniband)  on  Au/GaAs  Schottky  diodes  to  study  the  energetic  current  distribu¬ 
tion  in  BEEM  at  T  =  100  and  300  K  (GaAs  cap  layer  is  300  A).  The  authors  showed  that  the 
miniband  results  in  a  BEEM  current  threshold  clearly  below  the  height  of  the  ALGat_xAs 
barriers,  as  shown  in  Fig.  44.  In  contrast  to  the  Au/GaAs  reference  sample,  where  the  BEEM 
current  follows  the  2  or  5/2  power  law,  the  SL  spectrum  is  almost  linear  up  to  a  sample  bias  of 
1.3  eV  (above  this  bias,  electrons  start  to  overcome  the  AlGaAs  barriers).  The  theoretical  calcu¬ 
lations,  based  on  the  SK  model  (with  the  incorporation  of  an  additional  SL  transmission  coellicient 
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Fig.  43.  (a)  The  band  diagram  and  (b)  the  corresponding  normal-incidence  electron  transmittance  function  t(E,  Jc|j  =  0) 
with  and  without  thermal  broadening  for  the  designed  half-electron-wavelength  resonant  device  which  has  one  tunneling 
resonance  £H1 ,  and  one  above-all-barriers  resonance  £H2.  (c)  Second  derivatives  of  the  experimental  spectrum  and  of  the 
BEEM  t(E)  model  spectrum  for  data  acquired  at  T  —  11  K.  The  spectrum  accurately  reproduces  the  shape  of  the 
thermally  broadened  r(E,  /c(|  =  0),  which  represents  the  resolution  limit  of  BEEM  spectrum  [171]. 


into  it)  are  in  a  good  agreement  with  the  experiment  and  confirm  the  linear  BEEM  spectral  shape 
in  the  SL  energetic  range.  It  was  shown  that  it  is  an  electron  refraction  at  the  Au/GaAs  interface 
(taking  into  account  the  k||  conservation  and  difference  in  the  electron  effective  masses)  that  leads 
to  the  almost  inversion  of  the  hot  electron  distribution  (in  Au,  the  electron  distribution  is  peaked 
toward  the  Fermi  energy  of  the  STM  tip,  but  in  GaAs  the  electron  distribution  is  peaked  toward 
the  Schottky  barrier).  Thus,  as  the  tip-to-base  voltage  increases,  an  increasing  number  of  electrons 
are  available  at  the  SL  energy,  and  the  BEEM  current  increases  continuously,  leading  to  the  almost 
linear  dependence  on  the  tip-to-base  bias.  However,  if  the  resonant  structures  are  located  directly 
below  the  metal  base,  the  authors  observed  a  step-like  behavior  of  the  BEEM  spectrum  that  is 
explained  by  direct  coupling  (tunneling)  of  ballistic  electrons  in  the  Au  base  to  the  resonant  level 
underneath  [174].  It  was  also  argued  that  assuming  k\\  conservation,  the  direct  tunneling  into 
the  resonant  state,  when  there  is  no  intermediate  refraction  at  the  Au/GaAs  interface,  would 
provide  effective  filtering  for  both  /<x  and  /c|(.  Thus  one  would  expect  better  spatial  resolution  of 
BEEM.  However,  there  are  no  experimental  data  confirming  this  prediction. 
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Fig.  44.  (a)  BEEM  setup  and  conduction  band  profile  with  miniband  regime  of  the  superlattice  sample.  For  a  high 
enough  bias  K„  carriers  can  be  injected  into  the  subsurface  semiconductor  structure  and  will  be  collected  at  the  highly 
doped  collector  region.  No  external  bias  is  applied  across  the  semiconductor,  (b)  BEEM  spectra  obtained  at  room 
temperature  on  a  sample  with  a  conventional  Au/GaAs(3 1  1)A  Schottky  barrier,  a  100  A  thick  AlGaAs  barrier  buried 
300  A  below  the  interface,  and  on  a  superlattice  sample.  Solid  curves  show  thermally  broadened  power-law  fits  for  the 
GaAs  and  the  AlGaAs  sample,  and  a  weighted  fit  to  the  data  of  the  superlattice  sample  [173]. 


Heer  et  al.  [34]  showed  that  for  biased  10-period  30  A  GaAs/25A  Al0.4Ga0.6As  SL  (buried 
300  A  below  the  Au/GaAs  interface),  both  the  position  of  and  the  transmission  of  the  miniband  are 
a  function  of  the  applied  base-to-collector  bias.  In  the  SD-BEEM  spectrum  numerically  extracted 
from  the  original  BEEM  spectrum,  the  miniband  manifests  itself  as  clear  peak.  Biasing  the  SL 
results  in  a  shift  of  the  miniband  peak  position  in  the  SD-BEEM  spectra,  in  accord  with  the 
transmission  calculations  based  on  the  SK  model.  In  addition,  the  BEEM  current  magnitude  is 
reduced  as  soon  as  a  base-to-collector  bias  is  applied,  and  it  was  explained  in  terms  of  the 
bias-dependent  energy  width  of  the  miniband.  This  result  is  in  accord  with  hot  electron  spectro¬ 
scopy  results,  that  in  biased  superlattice,  a  significant  decrease  of  the  miniband  transmission  with 
increasing  electric  field  occurs  due  to  the  localization  of  the  electron  wave  function  [175],  As  useful 
application  of  this  experiment,  the  GaAs/AlGaAs  SL  can  be  employed  as  energy  filter  to  study  the 
energetic  distribution  of  ballistic  electrons  in  BEEM  experiments  by  deconvolution  of  the  transmit¬ 
ted  electron  current  with  the  calculated  miniband  transmission  as  a  function  of  collector  bias. 

5.4.  BEEM  imaging  to  study  defects  and  nanostructures 

5.4.1.  Study  of  buried  defects  and  dislocations 

One  example  of  the  buried  dislocation  imaging  in  BEEM  experiments  was  presented  in 
Section  3.3.  for  the  InxGax  _*As/GaAs  interface  buried  400-700  A  below  the  m-s  interface.  For 
silicide-silicon  systems,  in-situ  BEEM  technique  was  successfully  applied  by  Fernandez  et  al. 
[72,73]  (NiSi2/Si  at  room  temperature)  and  Sirringhaus  et  al.  [78,80-82,176]  (CoSi2/Si  at  77  K)  to 
investigate  the  contrast  mechanisms  by  which  individual  interfacial  defects  (misfit  dislocations  and 
point  defects)  can  be  resolved.  It  was  found  that  in  NiSi2/n-Si(lll)  and  CoSi2/n-Si(lll)  systems, 
misfit  dislocations  and  point  defects  buried  ~  25-30  A  beneath  the  surface  locally  enhance  the 
scattering  probability  at  the  interface,  as  shown  in  Fig.  45.  The  increase  of  the  BEEM  current  at  the 
dislocation  was  explained  by  increased  electron  scattering  at  the  dislocation  core.  The  scattering 
broadens  the  fc|(  momentum  distribution,  and  thus  facilitates  the  electron  transmission  into  the 
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Fig.  45.  STM  topography  (a)  and  BEEM  image  (b)  of  a  32 A  CoSi2/n-Si(l  1  1)  film.  The  corrugation  in  the  STM 
topography  image  is  not  due  to  the  unreconstructed  (1  x  1)  atomic  surface  structure  but  due  to  small  mechanical 
vibrations.  The  BEEM  current  is  enhanced  at  individual  interfacial  dislocations  (dashed  line)  and  subsurface  point 
defects  (A)  due  to  hot  carrier  scattering.  (Vt  =  1.8  V,  /,  —  10  nA)  [81]. 

off-axis  conduction  bands  of  Si(lll).  The  sharp  BEEM  dislocation  profiles  (in  favorable  cases 
a  spatial  resolution  below  10  A  has  been  obtained  [77,81])  and  observation  of  the  quantum  size 
effect  [79]  imply  that  the  electron  transport  in  the  metal  is  ballistic,  and,  therefore,  most  of  the 
electrons  reach  the  interface  with  /cN  ~0.  Increased  BEEM  current  at  dislocations  indicates  that  the 
/c||  is  mostly  conserved  in  dislocation-free  regions,  although  to  some  extent  the  probability  for 
scattering  exists  everywhere  at  the  epitaxial  CoSi2/Si  interface  [81],  Assuming  lc u  conservation,  the 
electron  scattering  at  interfacial  defects  should  increase  the  BEEM  current  in  the  case  of  CoSi2/n- 
Si(  1 1 1)  and  decrease  the  BEEM  current  in  the  case  of  CoSi2/p-Si(l  1 1)  (where  holes  are  transmitted 
into  the  zone  centered  valence  band  minimum),  in  accordance  with  the  experiment  [77,80],  The 
same  mechanism  was  invoked  to  explain  the  enhancement  of  the  BEEM  current  observed  in  the 
vicinity  of  structural  defects  in  the  NiSi2/Si(l  1 1)  [72],  Note  that  no  variations  of  the  Schottky 
barrier  have  been  observed  at  the  silicide/Si(lll)  interface.  In  contrast,  on  CoSi2/Si(100),  certain 
interface  dislocations  and  other  defects  lower  the  Schottky  barrier  by  up  to  0.1  eV  on  a  nanometer 
scale  [81].  In  the  future  study,  the  observed  Schottky  barrier  reduction  will  help  to  understand  the 
effect  of  the  presence  of  such  defects  on  the  average  Schottky  barrier  height  extracted  from  the 
transport  characteristics  of  a  macroscopic  diode. 

5.4.2.  Study  of  lateral  quantum  structures 

The  laterally  patterned  quantum  wires  fabricated  on  modulation-doped  GaAs/AlGaAs  hetero¬ 
structures  were  studied  by  BEEM  at  T  =  4.2  and  300  K  [37,46,177],  In  contrast  to  bulk  samples, 
the  collector  electrode  consists  of  a  2D-electron  layer  at  the  AlGaAs/GaAs  interface.  After 
evaporation  of  ~  70  A  Au  film,  wires  were  directly  observed  both  in  STM  and  BEEM  images,  as 
shown  in  Fig.  46.  At  T  =  4.2  K,  no  decrease  of  STM  resolution  was  found  in  comparison  with 
room  temperature  measurements.  The  on-wire  BEEM  current  was  characterized  by  increased 
magnitude  due  to  the  lowering  of  the  Schottky  barrier  (in  contrast  to  the  off-wire  case,  where  the 
Schottky  barrier  is  defined  by  AlxGaj  ~xAs  (x~0.3),  the  BEEM  onset  for  the  on-wire  case  is  defined 
by  the  Au/GaAs  Schottky  barrier). 
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Fig.  46.  (a)  3D  topographic  image  of  a  single  quantum  wire  (V{  =  1.8  V,/t  =  5  nA).  (b)  Simultaneously  measured  BEEM 
current  image.  The  arrows  indicate  accumulated  Au  clusters  in  the  etched  region  [37]. 


Westwood  et  al.  [178]  had  applied  BEEM  to  study  GaAs/AlAs  buried  lateral  period  SLs  (100  A 
GaAs  cap  layer).  While  the  STM  image  shows  the  usual  grained  surface  due  to  the  Au  clustering 
during  deposition,  the  BEEM  image  is  dominated  by  striations  aligned  with  the  surface  steps. 
A  spectroscopic  examination  of  the  potential  barrier  across  the  sample  surface  reveals  a  bimodal 
distribution  consistent  with  a  modulation  of  Al^Ga^^As  mole  fraction  perpendicular  with  the 
surface  steps. 

5.4.3.  Study  of  single  quantum  dots 

5. 4. 3.1.  InAs  quantum  dots.  The  first  BEEM  study  of  buried  single  quantum  dots  (QDs)  was 
conducted  on  InAs  self-assembled  QDs  buried  spatially  beneath  a  Au/GaAs  interface  [38].  For 
BEEM  experiments,  the  InAs  dots  were  grown  on  top  of  a  300  A  undopoed  GaAs  buffer  layer  and 
covered  with  50-85 A  GaAs  cap  layer.  Fig.  47  shows  a  7500 Ax 7500 A  STM  image  taken  with 
a  1  nA  tunnel  current  which  shows  the  surface  features  above  several  dots  covered  by  a  50  A  GaAs 

o  o  ~ 

cap  layer.  The  features  are  ~ 1000  A  in  diameter  and  30-50  A  high  (the  dip  near  the  center  of  each 
dot  was  attributed  to  the  strain-induced  preferential  buildup  of  the  cap  GaAs  layer  away  from  the 
center  of  the  dot  during  the  growth  process).  Gold  grains,  with  diameter  ~200  A  are  also  visible. 
Fig.  48  shows  a  high-resolution  room-temperature  STM  image  of  a  single  InAs  QD,  capped  with 
a  75  A  GaAs  layer.  Also  shown  is  the  corresponding  BEEM  image  taken  with  /,  =  2  nA  and 
K,  =  1.5  V,  well  above  the  Schottky  barrier  height.  A  strong  enhancement  of  the  BEEM  current  is 
observed  on  the  QD  buried  beneath  the  surface.  To  estimate  quantitatively  the  BEEM  transport 
across  the  QDs,  the  BEEM  spectra  were  taken  on  and  off  a  single  dot  (right  window  in  Fig.  48).  The 
measured  current  spectra  exhibit  fine  structure  consistent  with  resonant  tunneling  through  two  0D 
states  of  the  dot,  (with  energetic  separation  of  ~0.1  eV).  The  BEEM  images  and  spectra  clearly 
show  the  power  of  BEEM  to  probe  energetic  states  of  individual,  nanometer  scale,  semiconductor 
quantum  structures  buried  beneath  the  surface. 


V.  Naraycinamurti,  M.  Kozhevnikov  /  Physics  Reports  349  (200 J)  447-514 


499 


750  A 


o 

Fig.  47.  STM  image  of  surface  features  in  a  region  where  several  InAs  quantum  dots  are  present  and  capped  with  a  50  A 
GaAs  layer  and  85  A  Au  layer.  The  dips  near  the  center  of  each  feature  represent  the  positions  of  the  dots  beneath  the 
surface  [38]. 


Band  profile  Images  _  BEEM  spectrum 
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Fig.  48.  (from  left  to  right)  Schematic  of  band  profile,  STM  and  BEEM  images,  and  characteristic  BEEM  spectra  for 
InAs/GaAs  self-assembled  single  quantum  dots  [38]. 


5.4. 3.2.  GaSb  quantum  dots  grown  on  GaAs.  GaSb  self  assembled  QDs  grown  by  MBE  on  GaAs 
exhibit  a  staggered  (type  II)  band  lineup  with  a  potential  barrier  in  the  conduction  band  [179-181]. 
Therefore,  electron-hole  recombination  in  these  structures  is  spatially  indirect,  so  that  optical 
measurements  do  not  provide  adequate  information  about  the  conduction  band  offset  between  the 
GaSb  dots  and  GaAs.  Along  with  that,  traditional  transport  methods  cannot  measure  this  local 
band  offset  because  of  the  small  (~500A)  lateral  dot  size,  and  any  offset  measurement  would 
average  over  areas  with  and  without  dots.  In  BEEM,  however,  carriers  are  locally  injected  into 
semiconductor  structures  to  spectroscopically  probe  buried  interfaces  on  a  nanometer  scale. 

Fig.  49  shows  STM  and  BEEMo  images  of  a  single,  GaAs  capped,  GaSb  dot.  In  the  STM  image, 
a  roughly  circular  feature  ~500A  in  diameter  and  ~50A  tall,  marks  the  lateral  position  of  the 
buried  dot.  The  area  in  the  BEEM  image  aligned  with  the  dot  profile  in  STM  is  darker  than  the 
surrounding  region,  implying  that  the  BEEM  current  through  the  dot  is  reduced  due  to  electron 
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Fig.  49.  (from  left  to  right)  Schematic  of  band  profile,  STM  and  BEEM  images,  and  characteristic  BEEM  spectra  for 
GaSb/GaAs  self-assembled  single  quantum  dots  [39]. 


reflection  off  the  dot’s  potential  barrier.  The  height  of  this  barrier,  i.e.  the  local  band  offset,  can  be 
extracted  from  the  changes  in  BEEM  spectra  between  the  on  and  off  cases.  The  on-dot  and  off-dot 
BEEM  spectra  of  several  dots  were  fitted  by  using  a  modified  Bell-Kaiser  planar  tunneling  model 
[2,58],  giving  a  local  conduction  band  offset  for  GaSb  dots  on  GaAs  of  0.08  ±  0.02  eV.  For  details 
of  this  study,  see  Ref.  [39]. 

5. 4. 3. 3.  Phosphide-related  quantum  dots.  Phosphide  materials  are  widely  used  to  fabricate  light- 
emitting  diodes  and  injection  lasers  emitting  in  the  visible  spectrum.  The  BEEM  study  of  the 
properties  of  pseudomorphic  Alo.3Ino.7P  QDs  grown  by  low-pressure  MOCVD  on  GaP  was 
recently  reported  in  Ref.  [40].  AllnP  self-assembled  QDs  were  grown  on  top  of  a  thick  undoped 
GaP  buffer  layer  (grown  on  the  n  +  -GaP  substrate)  and  covered  with  50  A  GaP  cap  layer.  Finally, 
a  60  A  Au  film  was  thermally  evaporated  to  form  a  good  base  layer  for  BEEM  measurements. 
From  the  STM  images,  scanned  at  room  temperature  with  a  tunneling  current  of  4  nA,  a  character¬ 
istic  QD  was  estimated  to  be  approximately  700  A  width  and  50  A  of  height.  In  simultaneously 
taken  BEEM  images,  with  the  tip  bias  of  1.5  V,  the  self-assembled  QD-induced  contrast  was 
observed,  with  a  reduced  BEEM  current  for  the  on-dot  electron  injection.  Fig.  50(a)  displays  the 
spectroscopic  data  that  are  obtained  when  the  STM  tip  is  positioned  on  and  off  a  single 
Alo.3Ino.7P  QD.  The  solid  line  represents  the  theoretical  fit  to  the  experimental  data  using  the  BK 
model.  When  the  tip  is  away  from  the  dot,  it  essentially  measures  the  barrier  height  of  the  Au/GaP 
interface,  which  is  determined  to  be  1.27  ±  0.05  eV.  However,  when  the  tip  is  on  the  dot,  the 
situation  is  quite  different.  The  ballistically  emitted  electron  will  experience  two  different  interfaces, 
which  are  Au/GaP  and  GaP/Alo.3Ino.7P.  Since  the  threshold  for  the  BEEM  current  on  the  dot  is 
approximately  measured  as  1.4  +  0.05  eV,  a  local  conduction-band  offset  between  GaP  and 
Alo.3Ino.7P  can  thus  be  determined  to  be  0.13  ±  0.1  eV. 

Another  example  is  the  BEEM  study  of  the  self-assembled  InP  QDs  on  Al0.5  In0  5P  (50  A)  grown 
on  a  GaAs  matrix  [182].  The  dots  are  covered  with  Alo.5Ino.5P  (50  A)  and  finally  capped  with  50  A 
of  GaAs.  Thus  the  InP  quantum  dots  are  sandwiched  in  a  double  barrier  heterostructure  of 
GaAs/Al0.5Ino.5P/InP-QD/Alo.5ln0.5P/GaAs.  The  BEEM  spectra  taken  while  the  tip  is  away 
from  the  dot,  as  shown  in  Fig.  50(b),  reveal  the  presence  of  a  single  threshold  at  1.44  eV 
corresponding  to  the  charge  transport  over  the  Al0.5In0  5P  barrier.  However,  when  the  tip  is 
positioned  on  the  QD,  an  additional  threshold  is  observed  at  1.12  eV,  which  is  attributed  to  the 
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(b)  InP  QD’s  on  AI0  5In05P 
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Fig.  50.  BEEM  current  spectra  taken  on  and  off  the  QD  for  the  case  of  (a)  Al0.3ln0.7P  QDs  on  GaP  and(b)  InP  QDs  on 
Alo.5Ino.5P  grown  on  a  GaAs  matrix.  A  band  diagram  is  shown  in  the  inset  [40,182]. 

resonant  state  in  the  double  barrier  heterostructure.  The  relative  intensity  of  the  BEEM  current 
magnitudes  above  the  thresholds  further  suggests  that  the  transmission  through  the  resonant  state 
is  significantly  higher  than  over  the  barrier  itself.  By  taking  0.92  eV  as  the  Schottky  barrier  on 
GaAs,  the  band  offset  for  GaAs/Alo.sIno.sP/GaAs  is  determined  as  1.24  eV.  Further,  assuming  the 
band  offset  for  InP-QD/Al0.5In0.5P  barrier  as  0.34,  the  relative  position  of  the  resonant  state  is 
determined  as  0.10  +  0.02  eV  with  respect  to  the  GaAs  conduction  band  minimum.  A  band 
diagram  thus  constructed  is  shown  as  an  inset  in  Fig.  50(b). 

5.4.4.  BEEM  study  of  magnetic  structures 

The  spin-dependent  electron  scattering  behavior  of  thin  ferromagnetic  films  and  the  spin¬ 
filtering  effects  on  transport  across  ferromagnetic/nonferromagnetic  metal  interfaces  are  funda¬ 
mental  to  the  understanding  and  application  of  the  magnetotransport  properties  of  magnetic 
multilayered  systems.  With  the  ever-shrinking  size  of  magnetic  devices  and  the  promise  of  novel 
magnetic  behavior  there  is  a  strong  need  to  study  magnetism  at  smaller  and  smaller  scales,  below 
the  resolution  limit  of  standard  magnetic  imaging  techniques  available  today. 

Following  the  initial  study  of  a  magnetic  multilayer  by  BEEM  spectroscopy  [183],  a  variation  of 
BEEM  has  been  developed  to  image  the  magnetic  structure  in  thin-film  multilayers  with 
nanometer  resolution  [97,184],  In  the  nominally  uncoupled  Co/Cu/Co  (25  A/45  A/12  A)  trilayer 
system  magnetic  domains  are  found  to  occur  on  a  ~0.5  pm-length  scale  and  less.  The  Co/Cu/Co 
trilayer,  a  ferromagnetic-normal-metal-ferromagnetic  system  that  is  the  basic  component  of 
spin-valve  and  GMR  devices,  was  grown  on  Si(lll)  substrate  precoated  with  a  thin  Cu/Au  bilayer 
to  form  a  high-quality  Au/Si  Schottky  barrier  interface,  and  a  Cu  seed  layer  for  the  Co  growth. 

When  the  unpolarized  current  from  the  STM  is  incident  upon  the  top  ferromagnetic  layer, 
the  spin-dependent  scattering  results  in  strong  attenuation  of  one  of  the  spin  components.  When 
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Fig.  51.  (a)-(e)  BEEM  images  (500  x  500  nm2)  taken  at  a  fixed  position  in  a  varying  magnetic  field  applied  parallel  to  the 
film  plane,  (a)  before  the  applied  field,  and  in  applied  fields  of  (b)  —  40  Oe,  (c)  10  Oe,  (d)  20  Oe,  and  (e)  40  Oe.  The  linear 
gray-scale  range  for  each  is  from  1.0  pA  (black)  to  5.0  pA  (white).  F,  =  1.5  V  and  /,  =  2  nA.  (f)  is  a  cross-sectional  view  of 
the  position  indicated  in  (a)  [184]. 

the  magnetization  directions  of  the  two  layers  are  aligned,  only  one  of  the  spin  components  will  be 
heavily  scattered  in  passing  through  them,  yielding  a  comparatively  high  BEEM  current.  In  the 
case  of  misalignment  between  ferromagnetic  layers,  both  components  will  be  strongly  attenuated. 
This  process  is  very  analogous  to  “polarizer-analyzer”  experiments  in  optics.  It  was  found  that  by 
applying  magnetic  field  ~40  Oe,  the  BEEM  contrast  disappears  indicating  a  saturated  state  of 
magnetic  alignment,  when  the  parallel  alignment  of  two  layers  occurs  [97,184],  as  shown  in  Fig.  51. 
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It  was  shown  also  that  complete  antialignment  is  never  obtained  over  large,  >  1  pm,  areas  for  any 
values  of  magnetic  field,  indicating  some  residual  coupling  between  the  Co  layers. 

By  hot  electron  (1-2  eV)  BEEM  spectroscopy  taken  as  a  function  of  Co  layer  thickness  and 
relative  magnetic  alignment,  the  spin-dependent  attenuation  length  of  thin  Co  films  and  the  energy 
dependence  of  the  relative  transmission  factors  for  tunneling-injected  electrons  with  different  spin 
orientation  were  estimated  [97].  The  electron  attenuation  length  in  Co  was  estimated  to  be  ~8  A 
for  electrons  with  spin  orientation  opposite  to  the  Co  layer  magnetization,  and  ~21  A  for  their 
parallel  orientation,  that  are  much  smaller  than  the  hot  electron  attenuation  lengths  found  in  free 
electron  metals  [86], 

The  filtering  effect  of  the  Co/Cu  interface  was  demonstrated  by  studying  the  Co/Cu/Co  trilayers 
by  BEEM  [97],  The  strong  reduction  of  the  BEEM  current  when  ~2-3  A  of  Co  is  evaporated  on 
top  of  Cu/Au/Si  system  was  attributed  to  the  band  structure  mismatch  at  the  Co/Cu  interface 
[Cu(lll)  has  no  propagating  momentum  states  in  a  much  larger  cone  around  the  film  normal  than 
Co(lll)]. 

6.  Metal-insulator-semiconductor  systems 

Study  of  electron  transport  in  insulators  (e.g.  oxides)  is  very  demanding  for  MIS  (MOS)  device 
performance  and  reliability.  In  the  presence  of  an  additional  insulator  layer  between  the  metal  and 
semiconductor,  the  distribution  of  electrons  entering  the  semiconductor  is  modified  by  the 
insulator  band  structure  as  well  as  by  electron-phonon  scattering  in  the  insulator  layer.  The 
electronic  charge  trapping  and  breakdown  characteristics,  which  are  determined  by  defects  and 
impurities  in  the  bulk  insulator  or  at  its  interfaces,  become  increasingly  sensitive  to  local  fluctu¬ 
ations  in  material  properties  as  device  dimensions  are  reduced.  The  standard  techniques  (such  as 
Fowler-Nordheim  tunneling  injection  and  internal  photoemission  [185-187])  to  characterize  the 
degradation  mechanisms  are  still  macroscopic  (0.01-1  mm2)  and  require  high  fields  across  the 
oxide  to  energize  the  injected  electrons. 

So  far  two  insulators,  Si02  and  CaF2,  were  extensively  studied  in  BEEM  experiments.  Si02  is 
a  material  of  natural  choice  for  today’s  Si-based  MOS  devices.  It  is  a  chemically  stable  dielectric,  it 
has  excellent  passivating  and  dielectric  properties  and  its  quality  can  be  consistently  controlled 
during  production  [188],  The  performance  and  reliability  of  modern  MOS  devices  is  ultimately 
dependent  on  the  electronic  properties  of  Si02.  Although  both  intrinsic  and  extrinsic  electronic 
properties  of  Si02  have  been  the  subject  of  extensive  studies  by  using  macroscopic  techniques 
[185],  the  ongoing  minimization  of  electronic  devices  requires  the  atomic-scale  control  and 
characterization  of  the  material  properties.  CaF2,  in  its  turn,  is  an  excellent  choice  for  an  epitaxial 
insulating  layer  in  silicon-based  MIS  structures  due  to  its  large  bandgap  (12.1  eV)  and  its  small 
lattice  mismatch  with  Si  (0.6%)  allowing  a  growth  of  ultrathin  flat  CaF2  layers  a&  the  insulating 
film  in  MIS  devices.  Si  segregation  to  the  surface,  as  observed  in  case  of  Au/Si  interface,  is  strongly 
reduced  by  the  CaF2  intralayer  [25].  Epitaxial  CaF2  films  on  Si(lll),  grown  at  elevated  temper¬ 
atures  under  UHV  conditions,  are  considered  to  be  promising  candidates  for  replacement  of  Si02 
in  MOS  technology.  Because  of  the  layer-to-layer  growth  of  CaF2,  the  more  homogeneous 
insulator  film  can  be  grown  with  less  density  of  interface  states  at  the  epitaxial  CaF2/Si(l  II) 
interface  [189]. 
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Cuberes  et  al.  [25]  first  used  the  BEEM  technique  as  a  new,  microscopic  method  to  study 
electronic  properties  of  very  thin  CaF2  insulating  films,  and  later  BEEM  was  applied  to  study  Si02 
properties  in  MOS  devices  [26,64].  In  this  section  we  will  review  the  main  BEEM  results  for 
metal/Si02/Si  and  metal/CaF2/Si  systems. 

6.1.  Insulator  conduction  band  effect 

6.1.1.  Metal/Si02/Si  MOS  system 

Ludeke  et  al.  [26,190]  observed  a  BEEM  current  threshold  near  Vt  =  3.9  V  in  32  A  Pt/(27-62  A) 
SiO2/Si(100)  structure,  and  it  was  interpreted  in  terms  of  current  transport  through  the  SiO^ 
conduction  band.  The  same  threshold  position  was  observed  later  by  Kaczer  et  al.  [191]  in  40  A 
Pt/27  A  SiO2/Si(100)  system.  In  the  BEEM  imaging  mode,  the  first  detection  of  high  transmission 
regions  in  thin  oxide  was  presented  [190].  These  were  characterized  by  relatively  small  1-2  nm 
patches  that  exhibited  much  lower  thresholds  (~1.1  V)  than  those  observed  for  normal  oxides 
(~4  V).  It  was  explained  in  terms  of  defect-related  or  direct  tunneling  through  the  oxide  bandgap. 

In  the  case  of  thin  Si02  (30  A),  the  very  well-defined  thresholds  (with  essentially  zero  BEEM 
current  below  the  threshold)  were  observed  for  Au/SiO2/n-Si(100)  (4  eV)  and  Ir/SiO2/n-Si(100)  (5.6 
eV)  [192],  as  shown  in  Fig.  52.  In  the  case  of  ultrathin  Si02  (10  A),  a  different  behavior  was 
observed.  For  Ir/SiOz/Si,  a  much  lower  threshold  was  observed  at  1.5  eV.  Since  this  threshold  is 
different  from  the  Schottky  barrier  at  the  Ir/Si  interface  (0.9  eV)  and  the  signal  is  strong,  it  was 
explained  not  by  direct  tunneling  through  the  barrier,  but  through  a  possible  resonant  state  in  the 
Si02  layer. 

The  oxide  contribution  to  the  BEEM  transport  was  obtained  by  subtraction  of  the  BEEM 
spectrum  with  zero  Si02  thickness  from  the  spectrum  with  finite  Si02  thickness,  after  its  correction 
for  the  electron  impact  ionization  in  Si  (see  Fig.  53).  The  authors  studied  the  derived-from- 
experiment  transmission  probabilities  across  the  Si02  layer  as  a  function  of  tip-to-base  bias  and 
bias  applied  across  the  oxide.  It  was  found  that  the  Si02  transmission  probability  depends  on  the 
electron  energy,  and  it  was  explained  in  terms  of  electron-phonon  scattering  in  Si02.  A  good 
agreement  with  complementary  Monte  Carlo  simulations  that  included  details  of  the  Si02  band 
structure  and  energy-dependent  electron-phonon  scattering  effect  was  obtained  [190], 

In  30  A  Pd/75  A  SiO2/Si(100),  BEEM  was  applied  to  estimate  the  dielectric  constant  in  SiOz 
layer  by  studying  the  barrier  lowering  (due  to  the  image  force  effects)  as  a  function  of  applied  oxide 
bias  [193]. 

6. 1.2.  Metal/CaF2  /Si  MIS  system 

Cuberes  et  al.  [194]  have  performed  BEEM  experiments  in  Au/14A  CaF2/Si(100)  structure 
under  UHV  conditions.  The  authors  observed  a  BEEM  current  onset  at  K,  =  3.3  V,  and  it  was 
interpreted  in  terms  of  current  transport  through  the  CaF2  conduction  band.  No  irreversible  loss 
of  ballistic  transmittance  was  observed  (up  to  Vt  ~8  V).  Also  the  authors  found  a  strong  effect  of 
the  DOS  of  the  CaF2  film  on  the  BEEM  spectral  shape,  in  reasonable  accord  with  the  theoretical 
predictions  [195], 

LaBella  et  al.  [196,197]  have  characterized  the  hot  electron  transport  properties  of  ultrathin 
Pt/CaF2/Si(lll)  system  by  in-situ  BEEM  and  STM.  The  2-10  ML  CaF2  was  grown  epitaxially  on 
Si(lll)  at  770°C,  that  gives  many  atomically  flat,  relatively  defect-free  terraces  and  steps.  The  Pt 
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Fig.  52.  (a)  BEEM  spectrum  measured  on  a  Au/Si  sample  without  an  oxide  barrier,  with  dAxi  =  50  A  and  /t  =  1  nA.  The 
solid  line  is  a  fit  to  the  Bell  andKaiser  model  giving  eVs  =  0.76  eV.  (b)  and  (c)  BEEM  spectra  measured  on  samples  with 
a  thin  oxide  barrier  ( dox  «  30  A).  The  solid  lines  are  fits  to  a  quadratic  law  Ic  cc(V  —  Ks)2.  (b)  Case  of  a  Au  base  with 
dAu  =  100 A  and  /,  —  10  nA,  giving  eVs  =4.0  eV.  (c)  Case  of  an  Ir  base  with  dh  =  100 A  and  Jt  =  10  nA,  giving 
eVs  =  5.6  eV.  The  arrows  indicate  the  threshold  position  [192]. 


o 

Fig.  53.  BEEM  spectra  of  a  62  A  Si02  layer  biased  at  Fox  =  2  V  before  [curve  (a)]  and  after  [curve  (b)]  the  removal  of 
contributions  from  impact  ionization  in  the  Si.  Curve  (c)  is  a  model  fit  to  the  threshold  region  of  (b)  for  an  oxide 
transmission  probability  Tox  =  1.  Curve  (d),  the  ratio  of  (b)/(c),  represents  Tox  determined  from  the  data.  The  inset  depicts 
the  fitted  curve  in  the  threshold  region  magnified  2  x  along  the  abscissa  and  20  x  along  the  ordinate  [190]. 


morphology  consists  of  nodules,  which  nucleate  at  step  edges  and  at  defects  ascribed  to  F  vacancies 
on  the  CaF2  surface.  Changes  in  the  tip  bias  provide  a  significant  change  in  the  imaged  topogra¬ 
phy.  The  STM  images  at  biases  well  above  3.3  eV  (conduction  band  minimum  of  CaF2)  show 
similar  features  to  bare  CaF2/Si(l  1 1),  while  images  at  the  CBM  show  features  of  the  deposited  Pt. 
These^topography  results  correlate  well  with  the  BEEM  spectroscopy.  Indeed,  the  BEEM  spectra 
of  10A  Pt/5  A  CaF2/Si(l  11)  show  a  peak  at  ~4.5  eV  (the  increase  starts  at  ~ 3—3.5  eV)  due  to  the 
DOS  of  the  CaF2  intralayer  and  an  additional  peak  at  2  eV,  indicating  transmission  through 
defects  at  the  Pt/CaF2  interface. 

Recently,  Sumya  et  al.  [198,199]  conducted  BEEM  studies  of  the  electron  transport  phenomena 
across  Au/CaF2/n-Si(lll)  heterostructures  as  a  function  of  the  CaF2  growth  temperature  (20°C, 
550°C  and  700°C).  It  was  shown  that  the  Au  growth  and  electron  transport  properties  depend 
strongly  on  the  2  ML  CaF2  growth  temperature.  The  threshold  voltage  for  an  insulating  CaF2 
intralayer,  which  is  about  3.3— 3.6  eV,  is  obtained  only  in  the  sample  in  which  CaF2  was  deposited 
at  700°C,  whereas  for  lower  CaF2  growth  temperatures,  the  BEEM  onset  starts  at  —  1  and 
~0.7  eV  for  20°C  and  550°C,  respectively,  as  shown  in  Fig.  54.  The  complementary  Fourier- 
transform  infrared  spectroscopy  shows  the  presence  of  Ca-Si-F  bonds  for  the  550°C  deposition, 
and  this  implies  that  the  CaF2  heteroepitaxial  growth  at  550°C  is  unsuccessful  in  obtaining 
a  high-quality  CaF2  layer.  The  nonepitaxial  growth  of  CaF2  at  low  temperatures  creates  defect 
states  in  the  CaF2  layer  and/or  at  the  interface  below  the  CaF2  conduction  band  that  facilitate 
electron  transport  and  lower  the  BEEM  threshold. 
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Fig.  54.  Distributions  of  measured  threshold  voltages  of  (a)  25  ML  Au/Si(l  1  1),  (b)  50  ML  Au/2  ML  CaF2 
(550°C)/Si(l  1 1),  and  (c)  50  ML  Au/2ML  CaF2  (700°C)/n-Si(l  1 1)  [199], 


6.2.  Charge  trapping  {build-up)  and  MOS  device  degradation 

A  large  portion  of  present  reliability  issues  in  MOS-based  technology  is  related  to  the  presence  of 
hot  electrons  in  the  gate  Si02  layers.  Problems  range  from  undesired  buildup  of  trapping  charge  in 
the  oxide  film  to  degradation  and  breakdown  of  the  dielectric. 

BEEM  was  used  to  locally  inject  electrons  into  thick  ~250A  Si02  film  built  into  a  MOS 
structure  [27,200].  Some  of  these  electrons  are  trapped  in  the  bulk  of  the  oxide  and  cause  an 
increase  in  the  local  barrier  height  and  local  time-dependent  suppression  of  the  BEEM  current, 
consistent  with  a  build-up  of  trapped  BEEM  electrons  in  the  oxide.  By  studying  the  lateral  extent  of 
the  current  suppression  caused  by  injection  of  charge  at  one  point,  the  authors  concluded  that 
generation  of  traps  created  in  the  oxide  by  hot  BEEM  electrons  is  a  likely  dominant  trapping 
mechanism.  Measured  variations  in  the  BEEM  threshold  voltage  with  the  voltage  applied  across 
the  Si02  film  can  be  used  to  estimate  the  local  trapped  charge  density  and  the  approximate  depth 
of  the  trapped  charge  in  the  oxide. 

The  high  current  densities  (~  103  C/cm2  s)  and  choice  of  energy  make  BEEM  an  attractive 
method  to  study  breakdown  phenomena  in  dielectrics.  By  local  stressing  of  thin  Si02  layers 
(~ 25-40  A)  by  injecting  hot  electrons  into  the  conduction  band  of  Si02,  it  is  possible  to  inject  very 
high  charge  densities  of  very  hot  electrons  into  the  oxide  film  without  damaging  the  MOS 
structure,  as  was  found  in  Pd/SiO2/Si(100)  [201]  and  Pt/SiO2/Si(100)  [191].  A  successful  break¬ 
down  sequence  for  a  38  A  oxide  stressed  with  6  eV  (kinetic  energy)  electrons  is  shown  in  Fig.  55.  It 
was  found  that  the  total  charge  injected  at  breakdown  exceeds  by  several  orders  of  magnitude  the 
values  obtained  by  conventional  Fowler-Nordheim  tunnel  injection  under  high  field  conditions.  It 
was  concluded  that  the  observed  breakdowns  are  still  controlled  by  impurities/defects.  Similar 
effect  of  the  BEEM  current  build-up  was  also  observed  by  Wen  et  al.  [202]  under  even  modest 
exposures  (several  single  scans  up  to  F,  =  7  V  at  /,  =  2  nA)  in  Pd/28  A  SiO2/Si(100).  This  is  in 
contrast  to  the  suppression  of  the  BEEM  current  observed  on  thicker  Si02  films  [d  >  40  A)  due  to 
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BEEM  for  38  A  Si02  stressed  at  VT=10  V/IT=2  nA 


Fig.  55.  A  successful  breakdown  sequence  for  a  3.8  nm  oxide  stressed  with  6  eV  (kinetic  energy)  electrons.  The  shift  to 
higher  Vs  between  curve  (a)  and  (b)  is  due  to  negative  charge  at  the  Si02-Si  interface.  Total  injected  charge  to  breakdown 
(defined  by  reaching  Vs  ~  1  V,  as  in  curve  (c)  is  ~  6  x  1013  C/cm2  [201]. 

the  buildup  of  negative  charge  in  the  oxide  [27,200,203].  One  possible  explanation  for  this 
enhancement  is  related  to  an  electron-leakage-induced  buildup  of  positive  charge  at  the  SiOz/Si 
interface  accompanied  by  a  decrease  of  the  barrier  in  the  oxide  due  to  image  force  lowering  effects. 
However,  the  experimental  results  are  inconclusive  because  of  relatively  large  noise  in  the  BEEM 
current. 

Degradation  processes  initiated  by  defect  generation  in  device-grade  Si02  were  studied  by 
locally  injecting  hot  electrons  from  a  STM  tip  into  Pd/SiO2/Si(100)  MOS  structure  [204],  By 
analyzing  the  obtained  BEEM  results  within  the  framework  of  a  sheet  charge  model,  charge 
densities  in  the  oxide  film  were  estimated.  For  the  sample  with  71 A  Si02  thickness,  it  was  found 
that  the  Si02  film  contains  ~  (0.7-2.8)  x  1013  cm2  density  of  electron  traps  that  are  distributed 
within  a  30  A  region  adjacent  to  the  Pd/Si02  interface.  By  additional  stressing  at  high  tip  voltages 
up  to  10  V,onew  traps  characterized  by  a  charge  density  of  ~  (1.9-3.6)  x  1013  cm2  were  created 
within  a  40  A  region  near  the  Si02/Si  interface  when  the  kinetic  energy  of  the  electron  injected  into 
the  Si02  conduction  band  exceeds  1.9  eV.  This  energy  is  close  to  a  minimum  threshold  of  ~2  eV  in 
order  to  break  H-Si  bonds.  This  result  suggests  that  the  initial  defect  generation,  which  eventually 
leads  to  a  destructive  breakdown  of  the  oxide,  is  associated  with  the  trap  creation  by  releasing 
hydrogen  at  the  anode. 

6.3.  Quantum-size  effect 

Kaczer  et  al.  [191]  have  attempted  to  determine  the  Si02  layer  thickness  from  the  BEEM 
spectra.  In  the  case  of  the  BEEM  transport  above  the  Si02  CBM,  the  BEEM  current  is  only  a  weak 
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F,g.  56.  (a)  BEEM  spectrum  /c  V,  for  1.8  nm  W/3.0  nm  Si02/p-Si(l  0  0)  MOS  structure  (dotted  curve),  with  /?  shown  by 
a  dashed  line,  (b)  Experimental  transmission  coefficient,  t(E )  =  /c//e°  (dotted  curve),  compared  to  t(E)  calculated  with 

ffitroTdTsTrirvposT'  ai  arrows  mark  qi  maxima  for  m  ^ ^  = 0.42  ,„0.  The 

Fig.  57.  Conduction  band  mass  dispersions  m0X(E)  for  Si02  determined  from  quantum  interference  oscillations  in  BEEM 

Xwron  P  T  CUrV?f,’/C,0mpai!d  *°  disPersion  derived  from  Monte  Carlo  simulations  of  experimentally  determined 
electron  mean  free  paths  (lowest  dash-dotted  curve)  [205].  * 

“n  Aim  thickness.  In  the  case  of  ultrathin  Si02  (  <  30  A)  when  the  tip  voltage  is  below 
the  Si02  CBM,  a  thickness-sensitive  direct  tunneling  through  the  oxide  will  become  considerable 
However,  in  the  BEEM  experiment  with  27  A  Si02,  the  BEEM  current  signal  was  too  small  to 
produce  a  measurable  signal  in  this  regime.  It  was  discussed  that  the  alternative  method  for 
estimating  local  thickness  variations  of  the  ultrathin  Si02  layer  is  based  on  measurement  of 
possible  quantum-mechanical  resonances  of  BEEM  electrons  in  the  conduction  band  of  the  SiO, 
film.  The  authors  demonstrated  that  with  some  experimental  care  the  oscillations  could  actually  be 
observable  m  the  first-voltage-derivative  BEEM  spectra  (extracted  numerically  from  the  original 

BEEM  spectra),  in  reasonable  agreement  with  the  theoretical  expectations  for  hot  electron 
resonance. 

o  o 

I"  5t0A  Pd/28  A  SiO2/Si(100)  system,  quantum-interference  oscillations  of  electrons  (these 
oscillations  arise  from  the  constructive/deconstructive  interference  of  electron  waves  reflected  at 
rp  ™/S'°2  ?nd  J°a2/5*  mterfaces  of  the  Si02  cavity)  in  a  thin  SiO,  layer  were  observed  by 
BKEEMrg/‘  “  2  "A  [28)202T  Oscillations  with  up  to  four  peaks  in  the  energy  region  of  0-3  eV 
a  ove  the  injection  threshold  were  observed.  The  magnitude  of  the  oscillations  is  ~30%  of  the 
underlying  BEEM  current.  It  was  noted  that  the  observation  of  pronounced  oscillations  due  to  the 
quantum-inteiference  effects  in  Si02  is  somewhat  surprising  because  the  Si02  film  is  quite  leaky 
with  allowed  states  in  both  cladding  regions  (metal  and  Si)  and  extensive  electron-phonon 
scattenng  losses  in  Si02  (electron  mfp  in  Si02  at  T  =  300  K  is  ~  10-20  A). 

Quantum  interference  oscillations  in  BEEM  spectra  were  also  observed  for  MOS  structures  with 

interfedrenceAeff^2  P05’20?}.  The  authors  Present  3,1  approach  based  on  quantum 

interference  effects  of  electrons  injected  directly  into  the  conduction  band  of  Si02  from  which  it  is 
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possible  to  derive  the  energy  dispersion  of  the  electron  effective  mass  mox.  On  the  virgin  surface, 
very  well-pronounced  oscillations  (steps)  in  the  BEEM  current  were  observed  during  the  first  scan. 
However,  with  next  scans  at  the  same  location,  it  was  observed  that  the  BEEM  current  increases 
and  smoothens  due  to  the  stress-induced  positive  charging  of  the  Si02  film  at  high  voltages.  For 
over-the-barrier  transmission,  maxima  in  the  transmission  probability  for  a  rectangular  barrier 
occur  at  the  following  energies  E  =  (nnh/dox)2/2mox  with  n  =  1,2,3, ... ,  from  which  mox  can  be 
deduced  by  matching  theoretical  maxima  to  those  obtained  experimentally  (after  correction  on  the 
Si02  band  bending  and  image  potential  effects)  (see  Fig.  56).  Using  this  approach,  the  23  and  30  A 
oxides  exhibit  initial  (zero  kinetic  energy)  mox  values  of  0.52mo  and  0.45mo,  respectively,  that 
disperse  upwards  by  ~0.3mo  over  a  0-2.5  eV  range  in  kinetic  energies,  as  shown  in  Fig.  57. 


7.  Conclusion 

In  this  article,  we  reviewed  briefly  recent  progress  in  BEEM  experiment  and  theory  for  the  study 
of  metal/semiconductor  and  metal/insulator/semiconductor  devices.  Excellent  spatial  resolution 
and  independent  control  of  the  hot  electron  energy  over  a  wide  range  make  this  technique 
a  powerful  tool  for  nanometer-scale  characterization  of  the  spatial  and  electronic  properties  of 
semiconductor  (insulator)  structures.  In  BEEM  experiments,  the  hot  electron  transport  is  affected 
drastically  by  the  integrated  electron  propagation  and  scattering  in  the  metal  layer,  at  the  m-s 
interface  and  in  the  semiconductor  itself.  As  a  consequence,  BEEM  can  be  characterized  by  its 
spatial,  energetic  and  depth  resolutions. 

Although  the  BEEM  technique  was  originally  invented  as  a  unique  microscopic  and  spectro¬ 
scopic  method  to  probe  the  Schottky  barriers  on  a  local  scale,  it  has  been  successfully  used  for 
imaging  and  spectroscopy  of  buried  quantum  objects  as  well  as  for  nondestructive  local  character¬ 
ization  of  buried  semiconductor  heterostructures.  Since  BEEM  spectra  exhibit  thresholds  at 
energies  where  semiconductor  states  become  available  for  transport,  the  SD-BEEM  spectroscopy 
is  very  effective  in  identifying  these  thresholds  and  correlating  them  to  semiconductor  band 
structure.  Significant  progress  was  accomplished  in  establishing  BEEM  as  an  effective  method  for 
measuring  semiconductor  heterojunction  offsets  and  for  measuring  resonant  transport  through 
double  barrier  and  superlattice  resonant  tunneling  heterostructures.  Based  on  recent  research,  we 
demonstrated  BEEM  capability  for  imaging  and  electron  spectroscopy  of  buried  nanosized 
structures  such  as  single  self-assembled  quantum  dots  as  well  as  interfacial  dislocations  buried 
below  the  surface,  by  exploiting  the  lateral  resolution  of  BEEM. 
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Thin  film  coolers  can  provide  large  cooling  power  densities  compared  to  bulk  thermoelectrics  due 
to  the  close  spacing  of  hot  and  cold  junctions.  Important  parameters  in  the  design  of  such  coolers 
are  investigated  theoretically  and  experimentally.  A  three-dimensional  (3D)  finite  element  simulator 
(ANSYS)  is  used  to  model  self-consistently  thermal  and  electrical  properties  of  a  complete  device 
structure.  The  dominant  three-dimensional  thermal  and  electrical  spreading  resistances  acquired 
from  the  3D  simulation  are  also  used  in  a  one-dimensional  model  (MATLAB)  to  obtain  faster,  less 
rigorous  results.  Heat  conduction,  Joule  heating,  thermoelectric  and  thermionic  cooling  are  included 
in  these  models  as  well  as  nonideal  effects  such  as  contact  resistance,  finite  thermal  resistance  of  the 
substrate  and  the  heat  sink,  and  heat  generation  in  the  wire  bonds.  Simulations  exhibit  good 
agreement  with  experimental  results  from  InGaAsP-based  thin  film  thermionic  emission  coolers 
which  have  demonstrated  maximum  cooling  of  1.15  °C  at  room  temperature.  With  the  nonideal 
effects  minimized,  simulations  predict  that  single  stage  thin  film  coolers  can  provide  up  to  20-30  °C 
degrees  centigrade  cooling  with  cooling  power  densities  of  several  1000  W/cm2.  ©  2001 
American  Institute  of  Physics.  [DOI:  10.1063/1.1353810] 


L  INTRODUCTION 

Temperature  control  of  microelectronic  and  optoelec¬ 
tronic  components  is  typically  accomplished  with  thermo¬ 
electric  (TE)  coolers.  TE  coolers  have  become  essential  in 
modern  optical  telecommunications  to  control  the  character¬ 
istics  of  laser  sources,  switching/routing  elements,  and  detec¬ 
tors  used  in  wavelength  division  multiplexed  systems.  Cool¬ 
ing  requirements  in  microprocessors  and  other  integrated 
circuits  have  also  risen  dramatically  in  recent  years  due  to 
the  increase  in  clock  speed  and  reduction  in  feature  size. 
Generally,  as  these  devices  have  become  smaller,  faster,  and 
more  dense,  the  power  density  has  greatly  increased.  Con¬ 
ventional  TE  coolers  are  incompatible  with  integrated  circuit 
fabrication  processes,  and  are  therefore  limited  in  how  small 
they  can  be  manufactured.  This  bulk  fabrication  technology 
makes  integration  with  microelectronic  and  optoelectronic 
devices  difficult,1  resulting  in  a  high  cost  of  packaging.  Fur¬ 
thermore,  the  reliability  of  packaged  modules  employing  a 
TE  cooler  is  usually  limited  by  the  reliability  of  the  cooler 
itself.2  A  solution  to  these  problems  is  to  shift  from  bulk 
thermoelements  to  integrated  thin  film  coolers. 

The  greatest  advantage  of  thin  film  coolers  is  the  dra¬ 
matic  gain  in  cooling  power  density  as  it  is  inversely  propor¬ 
tional  to  the  length  of  the  thermoelements.  Thin  films  on  the 
order  of  microns  should  provide  cooling  power  densities 
greater  than  1000  W/cm2.  In  addition,  several  methods  such 
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as  thermionic  emission  in  heterostructures3,4  and  decreased 
thermal  conductivity  in  superlattices,5,6  are  being  explored  to 
improve  the  performance  beyond  what  is  possible  with  bulk 
thermoelements.  Thin  film  coolers  can  also  be  made  in  large 
quantities  using  well  known  integrated  circuit  batch  fabrica¬ 
tion  methods  resulting  in  lowered  cost  and  greater  reliability. 
Integration  with  microelectronic  and  optoelectronic  devices 
is  also  possible  for  active  localized  cooling. 

Many  nonidealities  become  apparent  and  must  be  con¬ 
sidered  when  moving  from  bulk  to  thin  film  coolers. 
Whereas  contact  resistance,  thermal  resistance  of  the  heat 
sink,  and  heat  generation  in  the  current  carrying  connections 
are  secondary  effects  in  bulk  TE  coolers,  they  can  all  become 
critical  in  thin  film  coolers.  In  the  following,  these  nonideal 
effects,  as  well  as  heat  conduction,  Joule  heating,  thermo¬ 
electric  and  thermionic  cooling,  are  investigated.  A  three- 
dimensional  (3D)  self-consistent  thermal/electrical  software 
simulator7  is  used  to  model  these  effects  (Fig.  1),  and  the 
results  are  compared  to  experimental  measurements.  The 
three-dimensional  analysis  is  necessary  to  accurately  model 
the  electrical  and  thermal  spreading  resistance,  however 
simulation  of  3D  structures  is  somewhat  slow.  The  3D  elec¬ 
trical  and  thermal  resistances  can  be  determined  for  various 
geometries  and  used  in  an  effective  one-dimensional  (ID) 
model8  to  obtain  faster  results  when  several  parameters  are  to 
be  varied.  Thermionic  cooling  is  considered  throughout  to 
make  fair  comparisons  to  experimental  data,  however  the 
results  are  equally  applicable  to  thermoelectric  thin  film 
coolers. 
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FIG.  1.  (a)  Scanning  electron  micrograph  of  a  thin  film  thermionic  cooler 
(InGaAs/InGaAsP/InGaAs  0.3  fi m/1  yum/0.5  /un)  and  (b)  the  simulated 
structure.  The  uppermost  wire  bond  length  is  scaled  to  reduce  the  element 
count  in  the  mesh. 


II.  NONIDEAL  EFFECTS 


The  most  evident  nonideal  effect  for  thin  film  coolers  is 
the  substrate  and  package  thermal  resistance.  Qualitatively 
speaking,  if  the  distance  between  the  cooling  and  heating 
regions  is  several  orders  of  magnitude  smaller  than  the  dis¬ 
tance  between  the  heating  and  heat  sink  regions,  most  of  the 
heat  will  flow  back  to  the  cold  side  of  the  device  if  the 
thermal  conductivities  of  the  thin  film  and  substrate  are  com¬ 
parable.  Figure  2(a)  shows  simulation  results  of  substrate 
thermal  resistance  versus  thickness  for  various  substrate  ma¬ 
terials.  The  simulation  is  performed  assuming  a  rectangular 
etched  mesa  (5000  fx m2)  thin  film  cooler  on  a  semi-infinite 
plane  substrate.  The  boundary  conditions  imposed  assume 
the  sides  and  top  of  the  substrate  to  be  adiabatic  and  the 
bottom  isothermal.  A  uniform  heat  load  on  top  of  the  mesa  is 
assumed.  The  relatively  good  fit  to  a  ln(x)  function  is  indica¬ 
tive  of  the  thermal  spreading  in  two  and  three-dimensional 
heat  flow.9,10  Below  15  /an,  the  heat  flow  becomes  domi¬ 
nantly  one  dimensional  and  the  thermal  resistance  scales  lin¬ 
early  with  substrate  thickness.  The  logarithmic  fitting  func¬ 
tion  of  the  thermal  resistance  and  the  corresponding 
coefficients  can  be  given  as 

R mermaid )  =  «,  )  +  &,.  0») 


1167  f  _  -1445 

P^WIniKY  bi~  fi,{W I  mK]' 


(lb) 


where  fl^nnai  has  units  of  [K/W],  h  is  the  substrate  thickness 
in  microns,  and  at  and  b{  are  the  fitting  coefficients  corre¬ 
sponding  to  the  thermal  conductivity  of  the  substrate  (/?,*). 

Clearly  it  is  beneficial  to  use  substrates  with  high  ther¬ 
mal  conductivity  and  a  minimum  thickness.  However,  thin 
film  coolers  that  are  grown  on  typical  substrate  materials 
(InP,  Si,  etc.)  can  be  lapped  only  by  a  limited  amount  before 
the  material  begins  to  warp  and  become  severely  fragile. 
This  warping  occurs  with  InP  substrates  when  they  are 
lapped  below  100  /zm,  which  for  the  device  size  simulated 
corresponds  to  a  thermal  resistance  of  57  K/W.  Using  a  1 
/an  film  of  InGaAsP  for  the  cooler  (/3= 3.3  W/m K)  gives  a 
thermal  resistance  of  61.6  K/W  showing  that  roughly  half  the 
heat  flows  back  to  the  cold  side  of  the  device. 

The  area  of  the  device  also  affects  the  thermal  resistance. 
Figure  2(b)  shows  simulation  results  of  thermal  resistance 
(points  on  lower  curve)  for  various  device  areas  assuming  a 
125-/an-thick  InP  substrate.  The  upper  curve  represents  a 


(a) 


(b) 


FIG.  2.  (a)  Thermal  resistance  vs  substrate  thickness  for  a  device  area  of 
5000  five?  on  various  substrates:  lnP(/3=7l  W/m  K),  Si(/?=  145  W/mK), 
Cu(/3=398  W/m  K),  and  chemical  vapor  deposition  diamond(/3 
=  1200  W/m  K).  The  points  correspond  to  3D  simulation  results,  and  the 
solid  curves  are  the  theoretical  ^  log(*)+£,  curve  fits,  (b)  Thermal  resis¬ 
tance  vs  device  area.  The  points  are  simulation  results  assuming  a  125-/im- 
thick  InP  substrate  and  the  upper  solid  curve  is  the  theoretical  plot  assuming 
the  substrate  is  an  entire  half  space. 


theoretical  expression  that  assumes  a  disk  heat  source  on  a 
half  space  denoting  a  purely  three-dimensional  heat  flow 


R  thermal 


\fn 

4(3^’ 


(2) 


where  J3  is  the  thermal  conductivity  of  the  half  space  and  A  is 
the  area  of  the  disk.9  The  simulation  results  are  fitted  with 
this  same  expression  (solid  line),  and  the  resulting  expression 
is  equivalent  to  Eq.  (2)  multiplied  by  a  reduction  factor  of 
0.761.  As  the  substrate  thickness  is  increased,  the  simulation 
results  approach  that  of  the  theoretical  expression. 
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FIG.  3.  Measured  cooling  for  a  1-^m-thick  cooler  (InGaAs/InGaAsP  super¬ 
lattice)  with  various  packages.  As  the  packaging  is  improved  the  heating 
coefficient  is  reduced  resulting  in  greater  absolute  cooling.  The  cooling  (lin¬ 
ear)  and  heating  (quadratic)  coefficients  correspond  to  a  second  order  poly¬ 
nomial  fit  of  AT  vs  1.  All  temperatures  are  relative  to  the  value  at  zero 
current  with  a  heal  sink  temperature  of  20  °C. 

Instead  of  working  with  thin  substrates  that  have  a  low 
thermal  conductivity,  switching  to  a  substrate  with  a  very 
high  thermal  conductivity  would  be  advantageous.  Several 
methods  for  transferring  thin  films  to  surrogate  substrates 
with  better  thermal  properties  are  possible,  but  each  has  po¬ 
tential  problems.  Epitaxial  lift-off  and  grafting  of  epitaxial 
films  has  been  discussed  in  the  literature11”14  for  various 
semiconductor  material  systems,  but  neither  the  electrical 
nor  thermal  contact  resistance  of  the  interface  has  been  char¬ 
acterized.  Another  possibility  is  to  use  flip  chip  bonding 
techniques  to  accomplish  the  substrate  transfer,  however 
thermal  expansion  mismatch  between  the  thin  films  and  the 
new  substrate  can  cause  problems  in  material  quality. 

Packaging  of  the  single  element  thin  film  coolers  was 
necessary  to  attain  significant  cooling  since  simply  probing 
the  cold  side  of  the  device  presented  too  large  a  heat  load. 
Using  wire  bonds  from  the  package  to  the  device  alleviated 
some  of  this  problem,  but  a  significant  heat  load  from  the 
wire  bond  remained  as  well  as  the  additional  thermal  resis¬ 
tance  of  the  package  between  the  hot  side  of  the  cooler  and 
the  heat  sink.  An  optimum  wire  length  can  be  determined  by 
considering  the  trade-off  between  Joule  heating  in  the  wire 
and  thermal  conduction  away  from  the  cold  junction.  Ulti¬ 
mately  when  the  thin  film  coolers  are  integrated  with  real 
devices  or  are  packaged  in  a  conventional  TE  configuration 
(n-  and  p-type  legs  electrically  in  series,  thermally  in 
parallel — see,  for  example,  Ref.  15),  the  issue  of  wire  bond¬ 
ing  will  be  less  of  a  concern.  Figure  3  shows  the  increase  in 
InGaAsP  thin  film  cooler  performance  for  four  generations 
of  packages.  The  details  of  the  cooler  will  be  discussed  later. 
Generally  in  each  successive  package  generation  the  opti¬ 
mum  wire  bond  length  is  approached  and  the  heat  sinking  is 
improved  by  choosing  package  materials  with  higher  thermal 
conductivities.  The  best  cooling  shown  in  Fig.  3  is  for  a 
package  made  from  a  350-yiim-thick  silicon  wafer  and  using 


a  wire  bond  length  of  250  /xm.  The  sample  was  mounted 
with  a  4-/xm-thick  tin  solder  layer.  Qualitatively,  when  the 
packaging  improves  the  linear  coefficient  that  represents 
thermionic  and  thermoelectric  cooling  effects  remains  rela¬ 
tively  constant  while  the  quadratic  coefficient  that  represents 
Joule  heating  is  reduced.  This  results  in  greater  net  cooling. 
One  should  note  that,  due  to  a  relatively  high  contact  resis¬ 
tance,  the  maximum  current  that  can  be  applied  to  the  thin 
film  device  is  limited  and  thus  we  are  still  in  a  linear  trans¬ 
port  regime.  With  improvements  in  nonideal  effects  and  by 
using  asymmetric  barriers,  one  can  benefit  fully  from  the 
thermionic  cooling  process  by  going  into  the  nonlinear  trans¬ 
port  regime  and  thus  increasing  the  cooling  power  density.16 

Another  important  nonideal  effect  for  thin  film  coolers  is 
the  electrical  contact  resistance.  Because  the  InGaAsP-based 
layers  have  a  low  electrical  resistivity  (p=1.17 
X  10-3  fi  cm)  the  contact  resistivity  usually  dominates.  This 
additional  Joule  heating  occurs  very  close  to  the  cooling  re¬ 
gion  of  the  device  and  must  be  minimized  to  attain  any  ap¬ 
preciable  cooling.  In  order  to  determine  the  quality  of  our 
ohmic  contacts,  contact  resistivity  studies  were  performed 
with  four  point  probe  measurements  on  transmission  line 
model  test  patterns.17  The  lowest  measured  value  of  specific 
contact  resistance  was  roughly  5.5X  10"7  ft  cm2  for  alloyed 
Ni/AuGe/Ni/Au  contacts  to  0.5-/xm-thick  n  +  InGaAs  (2 
X1019cm"3),  By  studying  various  annealing  conditions,  it 
was  determined  for  the  InGaAs  alloyed  contacts  that  rapid 
heating  and  cooling  produced  the  lowest  contact  resistance  in 
agreement  with  previous  literature.18,19  The  alloying  depth 
should  also  be  considered  when  designing  thin  film  coolers. 
This  depth  is  equal  to  the  amount  of  semiconductor  that  in¬ 
termixes  with  the  contact  metal  and  is  roughly  0.1 -0.2  /xm 
in  most  III— V  systems.18-20  In  our  designed  thin  film  cool¬ 
ers,  the  top  /i+  or  p+  contact  regions  are  as  short  as  pos¬ 
sible  for  low  resistance  but  safely  greater  than  the  expected 
alloying  depth.  Nonalloyed  contacts  would  circumvent  this 
situation,  however  they  typically  have  a  higher  contact  resis¬ 
tance  and  the  trade-off  between  the  contact  resistance  and  the 
resistance  of  a  thinner  contact  region  should  be  considered. 
The  effects  of  contact  resistance  on  cooler  performance  are 
discussed  further  in  the  next  section. 

111.  COMPLETE  DEVICE  SIMULATION 

Complete  three-dimensional  device  structures  with  all 
nonideal  effects  included  are  simulated  to  fit  experimental 
data  and  determine  which  areas  of  the  thin  film  cooler  de¬ 
signs  need  to  be  improved.  These  simulations  model  self- 
consistently  the  thermal  and  electrical  operation.  Once  the 
simulation  is  in  agreement  with  experimentally  measured 
temperature  profiles,  particular  nonideal  effects  can  be  re¬ 
moved  in  succession  and  the  dominating  ones  determined. 

Measured  cooling  for  a  l-/xm-thick,  50Xl00/xm2  thin 
film  cooler  (best  device  from  Fig.  3)  is  shown  with  the  simu¬ 
lated  curve  in  Fig.  4  (curve  1).  To  check  for  the  presence  of 
thermionic  cooling,  reference  samples  with  no  barrier 
(InGaAs  only)  were  tested.  The  reference  sample  displayed  a 
cooling  that  was  a  factor  of  2  smaller.  Since  the  reported 
thermal  conductivity  of  quaternary  InGaAsP  is  only  20%- 
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FIG.  4.  Experimental  and  simulation  results  for  the  1-jum-thick  cooler 
shown  in  Fig.  3.  The  points  and  curve  1  correspond  to  the  simulated  fit  of 
the  experimental  data  with  all  nonideal  effects.  Curves  2  and  3  are  the 
repeated  simulation  results  when  the  contact  resistance  and  substrate  thermal 
resistance  are  taken  away,  respectively.  Curve  4  corresponds  to  both  non¬ 
ideal  effects  removed. 
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FIG.  5.  Simulated  temperature  and  voltage  profiles  along  a  path  through  the 
substrate,  cooler,  and  wire  bond.  The  actual  wire  bond  length  was  400  /am, 
but  was  scaled  by  20 X  to  reduce  the  number  of  elements  in  the  3D  simu¬ 
lation. 


30%  less  than  InGaAs,  one  expects  that  thermionic  cooling 
plays  a  significant  role  in  the  device  operation.  Both  the  ther¬ 
mionic  and  thermoelectric  cooling  effects  were  included  in 
the  simulation  and  the  thermal  conductivity  of  the  InGaAs/ 
InGaAsP  superlattice  was  taken  to  be  5  W/mK.  With  an 
accurate  model  of  the  device  in  hand,  the  contact  resistance 
was  set  to  zero  and  the  simulation  was  repeated  (curve  2). 
The  maximum  cooling  temperature  increased  from  1.14  to 
2.3  °C.  This  was  repeated  with  the  contact  resistance  reset  to 
its  original  value  and  the  120-/im-thick  InP  substrate  re¬ 
placed  with  a  10  /mm  copper  substrate  resulting  in  a  similar 
improvement  in  performance  (curve  3).  The  simulation  was 
then  again  performed  with  the  top  wire  bond  removed  (not 
shown),  resulting  only  in  a  very  small  increase  in  cooling. 
Finally,  the  simulation  was  repeated  once  more  with  both  the 
contact  resistance  removed  and  the  copper  substrate  resulting 
in  a  maximum  cooling  temperature  of  6.07  °C  or  a  cooling 
power  density  of  1821  W/cm2  (curve  4).  Therefore  in  this 
particular  device  structure,  both  the  contact  resistance  and 
the  substrate  thermal  resistance  will  need  to  be  reduced  to 
see  substantial  improvement  in  performance. 

It  is  insightful  to  examine  the  temperature  and  voltage 
profiles  along  a  line  through  the  3D  structure.  Figure  5  shows 
simulation  results  following  a  path  from  the  bottom  of  the 
substrate,  traveling  through  the  cooler,  and  continuing  to  the 
end  of  the  wire  bond.  The  current  source  is  applied  between 
the  end  of  the  wire  bond  and  the  bottom  substrate  plane,  and 
an  ideal  heat  sink  is  assumed  at  these  two  points.  The  wire 
bond  (25  jum  diameter)  was  400  /im  long,  but  was  scaled  by 
a  factor  of  20  to  reduce  the  number  of  elements  in  the  3D 
simulation.  A  linear  voltage  drop  and  quadratic  temperature 
distribution  is  observed  along  the  wire  bond  as  expected  for 
one-dimensional  behavior.  At  the  cooler,  a  steep  temperature 
gradient  is  observed  across  the  l-/xm-thick  film  indicating  a 


large  heat  flux.  There  is  also  a  sharp  voltage  drop  located  at 
the  interface  of  the  metal  and  semiconductor  corresponding 
to  the  contact  resistance  which  was  assumed  to  be  6 
X10~7Dcm2.  This  voltage  drop  is  nearly  one  quarter  the 
total  voltage  across  the  entire  structure.  Inside  the  substrate, 
the  voltage  and  temperature  profiles  can  be  seen  to  drop  off 
nonlinearly  due  to  the  three-dimensional  spreading.  Finally, 
near  the  bottom  of  the  substrate  there  is  another  change  in 
the  slope  due  to  a  4-/*m-thick  tin  solder  layer. 

From  the  three-dimensional  modeling,  it  is  possible  to 
extract  the  important  thermal  and  electrical  spreading  resis¬ 
tances  similar  to  Fig.  2.  Using  these  simulated  values  it  be¬ 
comes  possible  to  construct  an  accurate  one-dimensional 
model.  Figure  6  shows  the  ID  model  and  boundary  condi¬ 
tions  applied  to  the  heat  flux  equation 


which  relates  the  temperature  gradient  to  the  Joule  heat  gen¬ 
eration  where  crx ,  kx  ,  and  Ax ,  are  the  electrical  conductiv¬ 
ity,  thermal  conductivity,  and  area,  respectively,  defined  in 
each  of  the  three  regions.  The  right  side  of  Fig.  6  represents 
the  equivalent  circuit  model  with  the  thermionic  (Qj\)  and 
thermoelectric  (QTE)  cooling  and  heating  sources  as  well  as 
contact  resistance  ( Qc ).  The  thermionic  cooling  and  heating 
occur  on  their  respective  sides  of  the  thin  film,  however  only 
one  thermoelectric  source  is  included  at  the  upper  metal- 
semiconductor  interface  since  the  bottom  semiconductor- 
metal  interface  occurs  at  the  heat  sink.  Equation  (2)  is  valid 
in  each  region,  and  by  integrating  twice  with  respect  to  po¬ 
sition  an  expression  for  temperature  with  two  unknown  con¬ 
stants  results,  giving  a  total  of  six  unknowns.  Four  boundary 
conditions  exist  for  the  temperature  since  it  must  be  continu¬ 
ous  across  all  three  regions.  Here  thermal  boundary  resis¬ 
tances  are  neglected.  The  last  two  boundary  conditions  are 
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FIG.  6.  One-dimensional  model  and  boundary  conditions.  An  electrical  con¬ 
ductivity  (cr),  thermal  conductivity  (k),  and  area  (A),  are  defined  in  each 
region.  The  equivalent  circuit  model  is  shown  on  the  right  with  the  arrows 
indicating  sources  or  sinks  of  heat  flux.  QTl  refers  to  thermionic  heating/ 
cooling,  Qr E  to  thermoelectric  cooling,  and  Qc  to  heat  generation  by  contact 
resistance. 


obtained  from  the  discontinuity  of  the  heat  conduction 
( KAdTIdx )  by  the  heat  generation  and  absorption  on  either 
side  of  the  cooler,  resulting  in  six  boundary  conditions  and 
six  unknowns.  The  solution  was  then  manipulated  and  plot¬ 
ted  in  MATLAB. 

Figure  7  compares  the  results  of  the  3D  and  ID  models. 
The  two  simulations  were  found  to  be  in  good  agreement 
over  various  changes  in  parameters.  The  largest  difference 
can  be  seen  in  the  temperature  profile  through  the  substrate 
where  the  ID  and  3D  distributions  are  inherently  different. 
The  other  minor  discrepancy  is  in  the  temperature  distribu- 
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FIG.  7.  Comparison  of  simulated  temperature  profiles  through  the  substrate, 
cooler,  and  wire  bond  for  the  three-dimensional  (ansys)  and  one¬ 
dimensional  (matlab)  models.  The  zero  temperature  axis  is  relative  to 
300  K. 
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FIG.  8.  (a)  Simulation  of  maximum  cooling  vs  contact  resistivity  for  various 
cooler  thicknesses.  The  Au  wire  bond  was  50  /txm  long  and  50  /xm  in 
diameter  and  zero  heat  conduction  though  the  wire  was  assumed  as  in  a  p 
and  n  cooler  configuration,  (b)  Simulation  of  single  stage  maximum  cooling 
vs  Au  wire  bond  length  (25  /xm  diameter  wire)  where  now  heat  conduction 
through  the  wire  is  considered.  The  contact  resistance  was  assumed  to  be 
10“ 8  Cl  cm2.  The  substrate  thermal  resistance  was  4  K/W  in  each  case. 


tion  of  the  wire  that  arises  from  the  additional  thermal 
spreading  at  the  wire-cooler  interface.  This  effect  is  more 
difficult  to  include  in  the  ID  model. 

The  advantage  of  the  one-dimensional  model  is  the 
speed  with  which  many  device  parameters  can  be  varied  and 
their  affects  determined.  Figure  8(a)  shows  a  simulation  of 
maximum  cooling  versus  contact  resistivity  for  various 
cooler  thicknesses.  To  observe  just  the  limitation  of  contact 
resistance,  the  other  nonideal  effects  were  minimized  to  rea¬ 
sonable  values.  The  substrate  thermal  resistance  was  as¬ 
sumed  to  be  4  K/W  which  from  Fig.  2  could  represent  either 
a  thin  15  jim  Cu  substrate  or  an  arbitrarily  thick  diamond 
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substrate.  The  wire  bond  was  assumed  to  be  50  jam  long  and 
50  fiiw  in  diameter  with  no  heat  conduction  through  the  wire 
as  would  be  in  a  p-  and  n- type  conventional  thermoelectric 
configuration.  The  maximum  cooling  drops  off  significantly 
for  a  contact  resistivity  above  10“ 7  ft  cm2.  Also,  thicker  de¬ 
vices  cool  more  when  the  contact  resistance  is  substantial. 
The  reason  being  that  the  optimum  current  for  the  cooler 
performance  scales  as  one  over  the  device  thickness.  A  lower 
current  results  in  less  Joule  heating  from  the  contact  resis¬ 
tance.  Optimum  currents  for  the  thicker  devices  were  less 
than  1  A,  while  the  thinner  devices  required  as  much  as  5  A. 
While  the  thicker  devices  do  attain  higher  absolute  cooling  in 
this  case,  the  cooling  power  remains  approximately  un¬ 
changed. 

In  applications  for  which  single  element  coolers  are 
monolith ically  integrated  with  electronic  or  optoelectronic 
devices,  it  is  necessary  to  have  an  external  wire  bond  con¬ 
nected  directly  to  the  cold  side  of  the  cooler.  The  question 
arises  as  to  whether  useful  cooling  can  still  be  achieved  in 
this  configuration.  Figure  8(b)  shows  a  simulation  of  maxi¬ 
mum  cooling  versus  wire  bond  length  (25  fim  diameter).  In 
this  case  heat  conduction  through  the  wire  is  considered,  and 
the  contact  resistivity  is  assumed  to  be  10~8  ft  cm2  in  order 
to  study  the  effects  of  the  wire  only.  For  a  given  cooler 
thickness,  there  exists  an  optimum  wire  length  resulting  from 
a  trade-off  between  Joule  heating  in  long  wires  and  heat 
conduction  from  heat  sink  to  the  cold  junction  in  short  wires. 
At  longer  wire  lengths  the  thicker  devices  cool  better  by  the 
same  argument  made  for  contact  resistance.  That  is  thicker 
coolers  are  optimized  at  a  lower  current  and  hence  less  Joule 
heating  occurs.  The  cooling  power  of  the  thicker  devices  is 
reduced  somewhat,  however.  For  shorter  wire  lengths  the 
thinner  cooler  performs  best.  Since  the  thinner  cooler  has  a 
smaller  thermal  resistance  between  cold  and  hot  junctions, 
more  heat  conduction  occurs  across  the  cooler  than  through 
the  wire. 

The  temperature  dependence  of  material  properties  and 
cooling  amount  are  not  taken  into  account  in  the  above  mod¬ 
els.  For  small  values  of  cooling  and  heating  on  the  order  of 
5-10  °C,  this  is  a  reasonable  assumption.  However,  these 
effects  will  need  to  be  considered  in  future  simulations. 

IV.  CONCLUSIONS 

Important  parameters  and  nonideal  effects  in  thin  film 
coolers  have  been  discussed  through  experimental  and  simu¬ 
lation  results.  A  three-dimensional  finite  element  simulation 
has  been  developed  and  used  to  determine  the  dominating 
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nonideal  mechanisms  for  thin  film  coolers  and  the  impact  of 
changing  device  characteristics.  A  one-dimensional  simula¬ 
tion  was  also  developed  using  three-dimensional  spreading 
resistance  values  obtained  from  the  three-dimensional  model. 
Contact  resistance,  finite  thermal  resistance  of  substrate  and 
heat  sink,  and  heat  generation  in  wire  bonds  have  all  been 
identified  as  limitations  in  thin  film  cooler  performance.  Ex¬ 
perimental  results  in  thin  film  thermionic  emission  coolers 
have  demonstrated  cooling  by  1.1-1.2°C  at  room  tempera¬ 
ture  with  cooling  power  densities  of  several  100  W/cm2,  and 
simulations  have  predicted  cooling  of  20-30°  with  cooling 
power  densities  of  several  1000  W/cm2  for  more  optimized 
structures  and  packaging. 
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Monolithically  integrated  active  cooling  is  an  attractive  way  for  thermal  management  and 
temperature  stabilization  of  microelectronic  and  optoelectronic  devices.  SiGeC  can  be  lattice 
matched  to  Si  and  is  a  promising  material  for  integrated  coolers.  SiGeC/Si  superlattice  structures 
were  grown  on  Si  substrates  by  molecular  beam  epitaxy.  Thermal  conductivity  was  measured  by  the 
3(o  method.  SiGeC/Si  superlattice  microcoolers  with  dimensions  as  small  as  40X40  jm\2  were 
fabricated  and  characterized.  Cooling  by  as  much  as  2.8  and  6.9  K  was  measured  at  25  °C  and 
100  °C,  respectively,  corresponding  to  maximum  spot  cooling  power  densities  on  the  order  of  1000 
W/cnr.  ©  2001  American  Institute  of  Physics.  [DOI:  10.1063/1.1356455] 


Thermoelectric  (TE)  refrigeration  in  a  solid-state  active 
cooling  method  with  high  reliability.  Bi2Te3-based  TE  cool¬ 
ers  are  widely  used  for  cooling  and  temperature  stabilization 
of  microelectronic  and  optoelectronic  devices,  but  their  pro¬ 
cessing  is  a  bulk  technology  and  is  incompatible  with  inte¬ 
grated  circuit  fabrication  process.  Solid-state  coolers  mono¬ 
lithically  integrated  with  microelectronic  and  optoelectronic 
devices  are  an  attractive  way  to  achieve  compact  and  effi¬ 
cient  cooling.  It  can  lower  the  cost  of  fabrication  and  pack¬ 
aging,  and  can  selectively  cool  individual  key  devices  in¬ 
stead  of  the  whole  chip.  However,  the  thermoelectric  figure 
of  merit  (ZT)  is  quite  low  for  most  of  the  semiconductors 
used  in  microelectronics  and  optoelectronics.  This  makes  it 
difficult  to  get  high  cooling  performance.  Recently  hetero¬ 
structure  thermionic  and  superlattice  coolers  have  been  pro¬ 
posed,  and  theoretical  calculations  show  that  large  improve¬ 
ments  in  ZT  can  be  achieved  and  efficient  refrigeration 
becomes  possible  with  coolers  made  of  conventional  semi¬ 
conductor  materials.1"8 

More  recently,  a  factor  of  seven  enhancement  of  ZT 
relative  to  bulk  Si  was  measured  for  a  Si/Ge  superlattice.9 
SiGe/Si  superlattice  coolers  have  also  been  demonstrated 
with  a  maximum  cooling  of  7.2  K  at  150  °C. 10,11  Due  to  the 
larger  lattice  constant  of  germanium  compared  to  silicon 
(4.2%),  Ge  and  SiGe  grown  on  silicon  are  compressively 
strained,  thus  buffer  layers  are  required  for  thick  Si/Ge  and 
SiGe/Si  superlattice  layers.  This  increases  the  cost  of  mate¬ 
rial  growth  and  the  complexity  of  integration  with  Si-based 
devices.  By  adding  a  small  amount  of  carbon  into  the  SiGe 
material  system,  strain  can  be  adjusted  due  to  the  small  lat- 
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tice  constant  of  carbon.  By  properly  selecting  the  Ge  and  C 
ratio,  SiGeC  can  be  lattice  matched  to  silicon,  and  thick 
SiGeC  or  SiGeC/Si  superlattice  can  be  directly  grown  on  Si 
without  strain.  Furthermore,  while  most  of  the  band  offset 
between  SiGeC  and  Si  lies  in  the  valence  band,  its  conduc¬ 
tion  band  offset  is  larger  than  that  between  SiGe  and  Si.12,13 
This  makes  it  possible  to  use  thermionic  emission  to  enhance 
the  TE  cooling  for  both  n-  and  p-type  SiGeC/Si  materials.1’4 
In  this  letter,  we  report  the  experimental  results  on  SiGeC/Si 
superlattice  microcoolers.  Superlattice  structures  can  im¬ 
prove  the  cooler  performance  by  reducing  the  thermal  con¬ 
ductivity  between  the  hot  and  the  cold  junctions14,15  and  by 
selective  emission  of  hot  carriers  above  the  barrier  layers  in 
the  thermionic  emission  process.  Si-based  microelectronic 
devices  can  be  monolithically  integrated  with  these  coolers 
to  achieve  better  performance  and  reliability. 

The  SiGeC/Si  superlattice  sample  was  grown  in  a 
Perkin-Elmer  Si  molecular  beam  epitaxy  (MBE)  system  ca¬ 
pable  of  codepositing  Si,  Ge,  and  C  onto  5  in.  Si  substrates. 
Solid  Si,  Ge,  and  C  were  evaporated  through  the  use  of 
e-beam  sources  controlled  by  electron  impact  emission  sen¬ 
sors  (Si,  Ge)  and  by  monitoring  atomic  mass  unit  36  (C3) 
with  a  quadrupole  mass  spectrometer  (C).  Prior  to  loading 
into  the  MBE  system,  125  mm  diameter,  (OOI)-oriented  Si 
substrate,  doped  to  <0.005  ft  cm  with  As,  was  stripped  us¬ 
ing  5%  hydrogen  fluoride.  After  rinsing  with  deionized  wa¬ 
ter,  the  wafer  was  loaded  in  the  MBE  chamber.  In  order  to 
remove  any  remaining  oxide  and  to  prepare  the  sample  for 
epitaxial  growth,  the  substrate  was  heated  to  850  °C  and  ex¬ 
posed  to  a  0.1  A/s  Si  flux  for  30  s. 

The  structure  consisted  of  a  2  fim  thick 
Sio.89Gea,0C00i/Si  superlattice  (100  periods,  each  sublayer 
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FIG.  1.  Cross  sectional  transmission  electron  microscopy  image  of  the  MBE 
grown  SiGeC/Si  superlative  cooler  sample.  The  top  is  100  nm  Si  cap  layer; 
the  middle  is  2  yu, m  superlattice  of  100X(10  nm  Si089Geo  ioC0oi/10  nm  Si); 
the  bottom  is  the  Si  substrate.  An  enlarged  superlattice  image  is  shown  on 
the  right-hand  side. 


FIG.  3.  Meaured  cooling  for  various  SiGeC/Si  cooler  sizes  at  25  °C  heat 
sink  temperature.  The  cooler  sizes  are  40X40  yum2,  50X50  yum2,  60 
X60  fim2,  70X70  yarn2,  and  100X100  /rm2. 


10  nm  in  thickness)  grown  at  500  °C,  lattice  matched  to  the 
Si  substrate.  The  superlattice  was  doped  with  Sb  to  approxi¬ 
mately  2  X  1019  cm'3.  Finally,  the  sample  was  capped  with 
100  nm  Si:Sb,  grown  at  460  °C  and  doped  to  approximately 
IX  1020  cm-3.  A  cross  sectional  transmission  electron  mi¬ 
croscopy  image  of  a  grown  SiGeC/Si  superlattice  cooler 
sample  is  shown  in  Fig.  1 . 

The  thermal  conductivity  is  a  key  parameter  for  thermo¬ 
electric  materials.  The  TE  device  performance  increases  with 
a  decrease  in  thermal  conductivity.  Thin  films  and  nanostruc¬ 
tures  have  been  used  to  reduce  the  thermal  conductivity  via 
acoustical  phonon  confinement  and  interface  scattering.14-17 
The  3o)  method  was  used  to  measure  the  cross-plane  thermal 
conductivity  of  the  Si0.89Ge0  IOC0.oi/Si  superlattice.18  The  re¬ 
sult  is  0.085  W/cmK,  which  is  over  one  order  lower  than 
that  of  Si  (1.5  W/cmK). 

The  processing  of  SiGeC/Si  microcoolers  is  compatible 
with  an  integrated  circuit  fabrication  process.  The  schematic 
diagram  of  the  cooler  device  structure  is  shown  in  Fig.  2. 
Microcoolers  were  thermally  isolated  by  dry  etching  mesa 
structures  down  to  the  n+  Si  substrate.  Metallization  was 
made  on  the  mesa  and  the  Si  substrate  for  cathode  and  anode 
contacts,  respectively.  The  main  part  of  the  cooler  structure 
is  the  2  (im  thick  superlattice.  Its  low  electrical  resistance 
requires  low  contact  resistance  for  optimum  device 
performance.19  Ti/Al  metallization  was  used  for  ohmic  con¬ 
tact.  This  was  followed  by  annealing  at  450  °C  for  5  s.  Spe- 


Contact  metal 
n+  Si  cap  layer 

SiGeC/Si  superlattice 


n+  Si  substrate 


cific  contact  resistivity  of  1.5  X  10  7  ft  cm2  was  measured  by 
transfer  length  method. 

SiGeC/Si  superlattice  microcoolers  with  various  mesa 
sizes  ranging  from  40X40  to  100X100  yum2  were  fabricated 
on  one  wafer.  They  were  tested  on  a  temperature-controlled 
heat  sink,  which  was  set  at  a  constant  temperature  during 
device  testing.  Device  cooling  was  measured  with  micro 
thermocouples  on  top  of  the  device  and  was  relative  to  the 
values  at  zero  current.  Figure  3  displays  the  measured  cool¬ 
ing  on  top  of  the  devices  as  a  function  of  current  with  the 
heat  sink  at  25  °C.  2.8  K  cooling  was  obtained  for  the  40X40 
/im2  devices.  The  test  results  show  that  the  maximum  cool¬ 
ing  temperature  increases  as  the  device  size  decreases.  This 
cannot  be  explained  with  ideal  thermoelectric  or  thermionic 
models,  and  is  due  to  the  three-dimensional  nature  of  current 
and  heat  spreading  in  the  substrate.  The  Si  substrate  of  the 
cooler  devices  is  500  yum  thick  and  its  thermal  resistance  for 
the  micro  devices  is  about  inversely  proportional  to  the 
square  root  of  the  device  area.  On  the  other  hand,  the  thermal 
resistance  of  the  SiGeC/Si  superlattice  layer  is  inversely  pro¬ 
portional  to  the  device  area.  This  different  size  dependence 
makes  the  effect  of  the  nonideal  heat  sink  smaller  for  smaller 
size  devices. 

For  comparison,  Si  microcoolers  were  fabricated  on  n  + 
Si  substrates  with  similar  device  structure  and  processing. 
The  results  of  the  40X40  /zm2  Si  devices  are  shown  in  Fig. 
4  along  with  those  of  the  SiGeC/Si  superlattice  coolers  of  the 
same  size.  Over  three-fold  improvement  in  maximum  cool¬ 
ing  is  observed  for  SiGeC/Si  superlattice  coolers  over  Si 
ones. 

SiGe  is  a  good  TE  material  for  high  temperature 
applications  20  The  SiGeC/Si  microcoolers  also  show  better 
performance  at  higher  temperatures.  Figure  5  shows  the  mea¬ 
sured  cooling  for  50X50  jmm2  SiGeC/Si  microcoolers  at 
various  heat  sink  temperatures.  The  maximum  cooling  in¬ 
creases  from  2.5  K  at  25  °C  to  6.9  K  at  100  °C. 

The  maximum  cooling  power  density  is  given  by 

Q  =  x(£iTtmK-AT)ld, 


fig  2  Schematic  diagram  of  SiGeC/Si  microcoolers  (not  to  scale).  where  k  and  cl  are  the  thermal  conductivity  and  the  thickness 
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Current  (mA) 

FIG.  4.  Measured  cooling  for  40X40  jim2  SiGeC/Si  and  Si  coolers  at 
25  °C  heat  sink  temperature. 


of  the  superlattice,  while  ATmax  and  AT1  are  the  maximum 
and  actual  cooling  temperature  across  the  superlattice.  At 
zero  A7\  the  coolers  have  the  largest  cooling  power.  Since 
the  majority  of  the  cooling  happens  over  the  2  /im  SiGeC/Si 
superlattice  layer,  several  degrees  of  cooling  corresponds  to 
maximum  cooling  power  densities  on  the  order  of  1000 
W/cm2  at  zero  temperature  difference. 

The  maximum  cooling  temperature  of  the  SiGeC/Si  su¬ 
perlattice  microcoolers  is  limited  by  the  contact  resistance, 
Joule  heating  and  heat  conduction  from  the  metal  wire  con¬ 
nected  to  the  cold  junction  of  the  cooler,  and  the  low  ZT  of 
the  Si  substrate.  These  can  be  solved  by  increasing  the  su- 


Current  (mA) 


FIG.  5.  Meausred  cooling  for  50X  50  >um2  SiGeC/Si  coolers  at  various  heat 
smk  temperatures. 


perlattice  thickness,  making  n-type  and  p- type  cooler  arrays 
and  substrate  removal,  respectively.  Fundamentally,  the 
cooler  performance  is  determined  by  the  TE  ZT  of  the  cooler 
materials.  A  supcrlallice  gives  more  freedom  in  material  en¬ 
gineering  both  electrically  and  thermally,  and  enables  one  to 
enhance  the  thermoelectric  cooling  by  thermionic 
emission,1-4  quantum  confinement,5,6  carrier  pocket 
engineering,7,8  and  phonon  engineering.16,17  The  structure 
and  doping  of  the  SiGeC/Si  superlattice  studied  here  have 
not  been  optimized  yet.  With  optimized  material  and  device 
design  and  packaging,  cooling  up  to  tens  of  degrees  is  pos¬ 
sible.  Furthermore,  SiGeC/Si  superlattices  can  be  lattice 
matched  to  Si,  and  SiGeC/Si  microcoolers  can  be  monolithi- 
cally  integrated  with  Si-based  devices  to  achieve  compact 
and  efficient  localized  cooling. 

In  summary,  a  lattice  matched  SiGeC/Si  superlattice  was 
grown  on  Si  by  MBE  and  SiGeC/Si  superlattice  microcool¬ 
ers  were  demonstrated.  Cooling  by  as  much  as  2.8  and  6.9  K 
was  measured  at  heat  sink  temperatures  of  25  °C  and  100  °C, 
respectively,  corresponding  to  maximum  cooling  power  den¬ 
sities  on  the  order  of  1000  W/cm2. 
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Conclusions:  A  turbo  TCM/FPM  scheme  has  been  proposed  that 
can  achieve  considerable  coding  gains  over  turbo  TCM  8PSK  and 
conventional  TCM/FPM  schemes  without  sacrificing  power  and 
bandwidth  efficiency.  The  performance  of  a  DS/SSMA  system 
using  turbo  TCM/FPM  improves  significantly  over  a  multipath 
Rician  fading  channel.  This  scheme  is  attractive  for  power-limited 
and  band-limited  environments. 
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High  cooling  power  density  SiGe/Si  micro¬ 
coolers 

X.  Fan,  G.  Zeng,  E.  Croke,  C.  LaBounty,  C.C.  Ahn, 

D.  Vashaee,  A.  Shakouri  and  J.E.  Bowers 

SiGe/Si  superlattice  micro-coolers  are  investigated  experimentally. 
They  can  be  monolithically  integrated  with  Si-based 
microelectronic  devices  to  achieve  localised  cooling  and 
temperature  control.  Cooling  by  as  much  as  4.2K  at  25°C  and 
12K  at  200°C  was  measured  on  3 pm  thick,  60  x  60pm2  devices. 
This  corresponds  to  maximum  cooling  power  densities 
approaching  kW/cm2. 

Thermoelectric  (TE)  refrigeration  is  an  active  solid-state  cooling 
method  with  high  reliability.  TE  coolers  have  been  widely  used  in 
cooling  and  temperature  stabilisation  of  microelectronic  and  opto¬ 
electronic  devices  to  achieve  precise  operational  characteristics. 
Conventional  TE  coolers  are  discrete  devices  with  dimensions  of 
the  order  of  millimetres  to  centimetres,  and  they  generally  cool  an 
entire  packaged  chip.  Micro-coolers  monolithically  integrated  with 
microelectronic  and  optoelectronic  devices  provide  a  more  efficient 
way  of  temperature  regulation  by  selectively  cooling  critical  com¬ 
ponents.  Compared  with  traditional  TE  coolers,  integrated  coolers 
are  more  compact,  consume  less  power,  and  have  a  faster 
response.  They  can  also  be  used  to  construct  multiple  independ¬ 
ently  temperature-controlled  regions  on  a  single  chip. 

For  monolithic  integration,  conventional  semiconductor  materi¬ 
als  with  good  TE  properties  are  required.  SiGe  alloy  is  one  of  the 
best  TE  materials  for  high  temperature  applications.  At  room  tem¬ 
perature,  based  on  the  TE  properties  of  bulk  SiGe  [1],  it  can  give  a 
maximum  cooling  of  over  10K.  Although  this  cooling  is  less  than 
that  of  Bi2Te3  coolers,  SiGe  coolers  am  be  monolithically  inte¬ 
grated  with  Si-based  microelectronic  devices  and  have  many 
potential  applications.  Recently,  supcrlattiee  structures  have  been 
proposed  to  increase  the  thermoelectric  figure  of  merit  ZT  beyond 
that  of  alloy  materials  by  quantum  confinement  (2],  thermionic 
emission  [3]  and  carrier  pocket  engineering  [4].  SiGe/Si  micro-cool¬ 
ers  wore  first  demonstrated  on  /i-lype  samples  [5].  In  this  Letter, 
we  report  our  experimental  work  on  p-type  SiGe/Si  superlattice 
micro-coolers  with  improved  performance.  This  paves  the  road  to 
fabricate  an  array  of  n-  and  p-type  coolers  electrically  in  series  and 
thermally  in  parallel  and  thus  achieve  larger  amounts  of  cooling. 

The  micro-cooler  structure  uses  cross-plane  electrical  transport 
as  shown  in  Fig.  1.  The  main  part  of  the  cooler  is  a  3pm  strain 
compensated  SiGe/Si  superlattice.  It  consists  of  200  periods  of 
(12nm  Sio.75Geo.25/3nm  Si),  doped  with  boron  to  about  6  x 


I0,9cm~\  The  Sio.75Geo.25/Si  superlattice  has  a  valence  band  offset 
of  about  0.16eV  [6],  and  hot  holes  going  over  this  barrier  can  pro¬ 
duce  thermionic  cooling  [3].  This  superlattice  was  grown  using 
molecular  beam  epitaxy  (MBE).  Its  average  lattice  constant  is  that 
of  Sio  &Geo.2,  and  a  buffer  layer  is  required  for  it  to  be  grown  on  a 
Si  substrate.  To  reduce  the  material  growth  time  in  the  MBE  sys¬ 
tem,  the  buffer  layer  was  grown  on  a  p *  (001)  Si  substrate  by 
chemical  vapour  deposition  (CVD)  in  the  form  of  a  graded  SiGe 
structure.  The  boron  doping  in  the  buffer  layer  is  5  x  10,9cnr3. 
Following  the  supcrlattiee  growth,  a  0.3pm  Sio8Geo2  cap  layer 
was  grown  with  a  boron  doping  of  2  x  102Ocnr3  to  allow  for  a 
good  ohmic  contact  to  the  device.  Fig.  2  shows  a  cross-section 
transmission  electron  microscopy  (TEM)  image  of  the  MBE 
grown  SiGe/Si  superlattice. 


current  source 


contact  metal 


contact  metal 


SIGo  cap  layer 


SIGe/Si  supertattlce 


SiGe  buffer  layer 


Si  substrate 


Fig.  1  Structure  of  SiGe/Si  micro-cooler 
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Fig.  2  TEM  image  of  SiGe/Si  super  la  it  ice 

Dark  lines  are  I2nm  Sig.75Geo.25  layers,  light  lines  are  3nm  Si  layers 

The  SiGe/Si  micro-coolers  are  fabricated  with  standard  silicon 
integrated  circuit  technology.  The  cooler  device  areas  were  defined 
by  etching  mesas  down  to  the  SiGe  buffer  layer.  Ti/Al  metallisa¬ 
tion  was  made  on  top  of  the  mesa  and  on  the  SiGe  buffer  layer 
next  to  the  mesa  for  top  and  bottom  contacts  respectively.  SiGe/Si 
superlaltice  coolers  with  mesa  sizes  ranging  from  30  x  30pm2  to 
150  x  150pm2  were  fabricated  on  the  same  wafer.  For  comparison, 
bulk  Si  micro-coolers  were  also  fabricated  on  p+  Si  substrates  with 
similar  device  structures  and  processing. 

The  coolers  were  tested  on  a  heat  sink  stage.  Micro-thermocou- 
ples  were  used  to  measure  the  temperature  on  top  of  the  mesa, 
and  the  cooling  is  relative  to  the  value  at  zero  current.  The  results 
for  60  x  60pm2  devices  arc  shown  in  Fig.  3  for  both  SiGe/Si 
superlattice  and  Si  coolers  at  a  heat  sink  temperature  of  25°C 
Cooling  by  as  much  as  4.2  K  was  measured  on  SiGe/Si  superlattice 
coolers.  This  is  over  four-fold  improvement  compared  to  the  bulk 
Si  coolers. 

The  SiGe/Si  micro-coolers  perform  better  at  higher  tempera¬ 
tures.  Fig.  4  shows  the  measured  cooling  on  60  x  60pm2  SiGe/Si 
coolers  at  various  heat  sink  temperatures.  The  maximum  cooling 
increased  from  4.2 K  at  25°C  to  over  12K  at  200°C.  Since  most  of 
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the  cooling  happens  over  the  3pm  superlattice  layer,  the  corre¬ 
sponding  maximum  cooling  power  density  is  of  the  order  of  kW/ 
cm2.  This  is  much  larger  than  that  of  conventional  bulk  TE  cool¬ 
ers  because  of  the  thin  film  cooler  structure  of  our  devices.  The 
improved  cooling  at  higher  temperatures  agrees  with  the  thermoe¬ 
lectric  probi  ties  of  SiCic  alloy,  the  TE  figure  of  merit  of  which, 
ZT,  increases  with  temperature  up  to  900°C  [1].  The  high  temper¬ 
ature  results  of  the  SiGc/Si  micro-coolers  suggest  potential  appli¬ 
cations  beyond  the  upper  temperature  limits  of  conventional 
Bi2Te^  TE  coolers. 


Fig.  3  Cooling  measured  on  60  x  60  pm2  coolers  at  heat  sink  tempera¬ 
ture  of  25  °C 

— • —  SiGe/Si  superlattice 
— Q —  Si 


Fig.  4  Cooling  measured  on  60  x  60pm2  SiGe/Si  superlattica  coolers  at 
various  heat  sink  temperatures 


Device  simulations  show  that  the  performance  of  the  micro¬ 
coolers  can  be  improved  by  reducing  the  contact  resistance,  reduc¬ 
ing  the  Joule  heating  and  heat  conduction  from  the  metal  wire 
connected  to  the  cold  junction  of  the  cooler,  thinning  or  removing 
the  Si  substrate,  and  improving  the  material  properties  of  the 
superlattice.  With  optimised  device  and  material  deign,  cooling  up 
to  tens  of  degree  at  room  temperature  is  possible.  Furthermore, 
SiGc/Si  micro-coolers  can  be  monolithically  integrated  with  Si  and 
SiGe  microelectronic  devices  to  achieve  compact  and  reliable 
localised  cooling  and  active  temperature  control. 
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Low  level  and  reflection  phase  noise 
measurements  on  a  FET 

O.  Llopis,  J.B.  Juraver,  G.  Cibiel  and  J.  Graffeuil 

The  residual  phase  noise  of  a  PHEMT  device  is  studied  in  two 
unusual  configurations:  in  transmission  mode  with  a  low  input 
microwave  power  on  the  device,  and  in  reflection  mode. 
Measurements  clearly  reveal  some  fundamental  aspects  of  the 
phase  noise  generation  in  this  device:  the  phase  noise  is  a 
modulation  mechanism  which  still  exists  in  the  linear  regime  and 
in  which  the  gate  reactance  fluctuations  play  an  important  role. 

Introduction:  The  phase  noise  generation  in  an  active  device  has 
always  been  a  complex  and  not  well  understood  process.  Over 
past  years  there  have  been  different,  competing,  modelling 
approaches  to  determine  which  transistor  noise  model  [1  -  4]  or 
which  noise  conversion  process  [5]  should  be  considered.  In  this 
Letter,  residual  phase  noise  (or  open  loop  phase  noise)  investiga¬ 
tions  are  shown  to  be  an  efficient  approach  to  identify  the  main 
noise  conversion  processes  in  a  microwave  field  effect  transistor 
(FET).  The  emphasis  is  put  on  low  level  and  reflection  mode 
measurements.  The  first  experiment  demonstrates  the  modulation 
process  involved  in  the  phase  noise  generation,  while  the  other  is 
the  proof  of  the  importance  of  the  gate  reactance  fluctuations  in 
this  mechanism. 

Residual  phase  noise  measurement  for  phase  noise  modelling:  As 
shown  by  Leeson  in  1966  [6|,  the  active  device  phase  fluctuations 
in  an  oscillator  loop  are  directly  converted  into  frequency  fluc¬ 
tuations  A/.  Therefore,  investigations  on  A/* can  be  substituted  for 
investigations  on  A<J>,  which  feature  two  strong  advantages.  The 
first  one  deals  with  the  simulation  domain:  the  analysis  of  a  driven 
circuit  (an  amplifier)  is  easier  and  quicker  than  the  analysis  of  an 
autonomous  circuit  (an  oscillator).  The  second  one  deals  with  the 
experimental  domain:  the  amplifier  is  a  simpler  device  than  an 
oscillator  and  its  characterisation  can  be  performed  in  a  very  pre¬ 
cise  way,  since  only  two  experimental  parameters  have  to  be  con¬ 
sidered,  i.e.  the  bias  conditions  and  the  microwave  input  power. 
Moreover,  phase  noise  investigations  are  possible  down  to  the  lin¬ 
ear  regime,  in  contrast  to  the  oscillator  case  which  is  intrinsically 
nonlinear.  The  only  difficulty  is  due  to  the  low  phase  noise  levels 
that  must  be  measured:  a  low  noise  phase  detector  and  an  appro¬ 
priate  cancellation  of  the  source  AM  and  FM  noise  contributions 
are  required.  Our  measurement  bench  makes  use  of  a  two  mixer 
technique,  which  allows  the  cancellation  of  the  mixer  noise 
through  a  cross-correlation  process.  The  input  source  is  a  battery- 
biased  10GHz  dielectric  resonator  oscillator  (DRO).  The  noise 
floor  of  the  experiment  is  about  -175dBc/Hz  at  10 kHz  offset  from 
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Monolithic  integration  of  thin-film  coolers 
with  optoelectronic  devices 
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1  Introduction 

Optoelectronic  devices  such  as  laser  sources,  switching/ 
routing  elements,  and  detectors  require  careful  control  over 
operating  temperature.  This  is  especially  true  in  current 
high-speed  and  wavelength  division  multiplexed  (WDM) 
optical  communication  networks.  Long-haul  optical  trans¬ 
mission  systems  operating  around  1.55  /zm  typically  use 
erbium-doped  fiber  amplifiers  (EDFAs)  and  are  restricted 
in  the  wavelengths  they  can  use  due  to  the  finite  bandwidth 
of  these  amplifiers.  As  more  channels  are  packed  into  this 
wavelength  window,  the  spacing  between  adjacent  chan¬ 
nels  becomes  smaller  and  wavelength  drift  becomes  very 
important.  Temperature  variations  are  the  primary  cause  of 
wavelength  drift,  and  also  affect  the  threshold  current  and 
output  power  in  laser  sources.  Distributed  feedback  (DFB) 
lasers  and  vertical-cavity  surface-emitting  lasers  (VCSELs) 
can  generate  large  heat  power  densities,  on  the  order  of 
kW/cm2,  over  areas  as  small  as  100  /zm2.1  Typical 
temperature-dependent  wavelength  shifts  for  these  laser 
sources  are  on  the  order  of  0.1  nm/°C.  Therefore  a  tempera¬ 
ture  change  of  only  a  few  degrees  in  a  WDM  system  with  a 
channel  spacing  of  0.2  to  0.4  nm  would  be  enough  to 
switch  data  from  one  channel  to  the  adjacent  one,  and  even 
less  of  a  temperature  change  could  dramatically  increase 
the  crosstalk  between  two  channels.  In  many  optoelectronic 
applications  this  temperature  dependence  is  used  to  actively 
control  the  characteristics  of  the  device,  as  in  optical  filters2 
or  switches.3,4  In  other  instances  large  absolute  cooling  is 
desired,  as  in  IR  photodetectors.5  Temperature  stabilization 
or  refrigeration  is  commonly  performed  with  conventional 


thermoelectric  (TE)  coolers;  however,  since  integration 
with  optoelectronic  devices  is  difficult,6  component  cost  is 
greatly  increased  because  of  packaging.  The  reliability  and 
lifetime  of  packaged  modules  is  also  usually  limited  by  the 
TE  cooler/ 

An  alternative  solution  to  thermal  management  needs  is 
to  incorporate  heterostructure  integrated  thermionic  (HIT) 
refrigerators  with  optoelectronic  devices.8,9  These  thin-film 
coolers  use  the  selective  thermionic  emission  of  hot  elec¬ 
trons  over  a  heterostructure  barrier  layer.  This  evaporative 
cooling  occurs  because  the  hot  electrons  that  are  on  one 
side  of  the  Fermi  energy  are  emitted.  So  as  to  maintain  the 
quasiequilibrium  Fermi  distribution,  lower-energy  electrons 
absorb  thermal  energy  from  the  lattice  at  the  junction.  The 
emitted  electrons  then  redeposit  their  energy  after  passing 
over  the  barrier.  Since  these  thin-film  coolers  can  be  made 
with  conventional  III-V  semiconductor  materials,  mono¬ 
lithic  integration  with  optoelectronics  is  possible.  The  result 
of  this  integration  is  an  extended  component  lifetime  and  a 
very  fast  cooling  response  due  to  the  small  thermal  mass  of 
the  cooler.  Furthermore,  standard  integrated-circuit  batch 
fabrication  techniques  can  be  used  to  manufacture  these 
coolers,  whereas  TE  coolers  use  a  bulk  fabrication  process. 
Another  advantage  of  a  HIT  cooler  is  the  dramatic  gain  in 
cooling  power  density. 

To  demonstrate  monolithic  integration  of  a  device  with  a 
HIT  cooler,  a  simple  InP  pin  diode  was  grown  on  top  of  a 
l-/zm-thick  InGaAs/InGaAsP  HIT  cooler.  Cooling  perfor¬ 
mance  was  investigated  for  various  currents  through  the 
diode,  which  corresponds  to  effectively  changing  the  ther- 
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Fig.  2  Setup  for  measuring  the  temperature  of  the  integrated  diode 
Fig.  1  Scanning  electron  micrograph  (SEM)  of  a  processed  device  versus  the  current  through  the  cooler  (lc)  and  the  diode  (lD).  Here 

showing  the  pin  diode  on  top  of  the  1-/xm-thick  HIT  cooler.  R^  #  Rp2  (  and  Rq  are  the  wire  bond  resistances. 


mal  load.  After  discussing  the  measurements,  the  nonideal 
parasitic  effects  are  identified  and  examined.  These  results 
are  then  used  to  predict  the  effectiveness  of  HIT-cooler 
integration  with  diode  lasers. 

2  Device  Structure 

The  tested  HIT  cooler  structure  consisted  of  a  i-/zm-thick 
superlattice  barrier  (25  periods  of  10-nm  InGaAs  and 
30-nm  InGaAsP,  \  =  i.3;um)  surrounded  by  n+  InGaAs 
cathode  and  anode  layers  grown  by  metal-organic  chemical 
vapor  deposition  (MOCVD).  The  cathode  and  anode  layers 
were  0.3  and  0.5  pm  thick,  respectively.  On  top  of  these 
layers,  a  0.85-/im-thick  pin  diode  was  grown  during  the 
same  MOCVD  growth.  In  two  wet  etching  steps,  two 
stacked  mesas  are  defined  corresponding  to  the  diode  on 
top  of  the  cooler,  as  shown  in  Fig.  1.  The  cooler  mesas 
ranged  in  size  from  20X40  to  100X200  yum2,  and  the  di¬ 
ode  size  was  one-half  the  cooler  size.  Ti/Pt/Au  was  used  to 
make  ohmic  contacts  to  both  the  p-  and  n-type  material. 
The  substrate  was  thinned  to  approximately  125  pm  before 
the  back-side  metal  was  deposited.  The  integrated  devices 
were  then  cleaved,  packaged,  and  wire-bonded  for  testing. 

3  Measurement 

The  diode  serves  two  purposes  in  the  measurement.  By 
changing  the  current  through  the  diode  we  can  effectively 
change  the  heat  load  of  the  cooler.  Also,  by  monitoring  the 
voltage  across  the  diode,  we  can  measure  the  temperature10 
on  the  cold  side  of  the  cooler,  Tc.  The  temperature  sensi¬ 
tivity  of  the  diode  near  room  temperature  was  determined 
to  be  1.936  mV/°C  at  a  bias  of  1  mA.  The  measurement 
setup  is  illustrated  in  Fig.  2.  A  constant  current  ( l0 )  was 
sent  through  the  diode,  and  the  diode  voltage  (Vp)  was 
monitored  as  the  cooler  current  ( I c )  was  varied.  The  resis¬ 
tors  of  Fig.  2  represent  the  parasitic  wire  bonds,  which  add 
to  the  heat  load  on  the  device.  The  measured  voltage  can  be 
expressed  as 

VM  =  (RDi  +  RD2)lD+VD+  ^(lo  +  lch  0) 
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where  RD  i  and  RD2  are  the  wire  bond  resistance,  pc  is  the 
contact  resistivity,  and  Ac  is  the  area  of  the  metal  contact 
on  the  cooler.  If  Eq.  (1)  is  rearranged  to  solve  for  VD  as  a 
function  of  lc ,  then  the  resulting  expression  is  equal  to  the 
measured  voltage  minus  some  constant  values  and  minus  a 
value  that  changes  with  respect  to  /c,  that  is,  pt:IcIAc . 
Therefore,  to  correctly  measure  the  temperature  on  top  of 
the  device,  the  contact  resistivity  must  be  determined.  Once 
VD  is  known,  the  temperature  can  be  calculated  using  the 
temperature  dependence  of  the  diode  voltage  at  a  constant 
current  as  given  above. 

The  thermionic  heating  and  cooling  are  proportional  to 
the  current  and  can  be  expressed  (in  the  limit  of  Boltzmann 
statistics)  as 

fiT,-(^+2vr)-'.  ■'  (2) 

where  <f>B  is  the  heterojunction  barrier  height,  kB  is  Boltz¬ 
mann’s  constant,  and  e  is  the  charge  of  an  electron.9  Since 
cooling  is  linearly  proportional  to  current  and  Joule  heating 
is  proportional  to  the  square  of  current,  the  temperature 
versus  current  is  described  by  a  second-order  polynomial. 
This  can  best  be  seen  from  the  expression  for  overall  cool¬ 
ing  power: 

<2  0) 

where  p  is  the  electrical  resistivity  of  the  cooler,  d  is  its 
thickness,  /?  is  the  thermal  conductivity  between  hot  and 
cold  junctions,  and  A T  is  the  temperature  difference  across 
the  cooler.  When  this  expression  is  solved  for  AT,  the 
terms  in  the  second-order  polynomial  are  apparent. 

4  Results 

A  direct  way  of  measuring  the  temperature  of  the  device  is 
to  use  a  microthermocouple.  Device  A  from  Fig.  3  shows 
the  temperature  versus  current  for  the  cold  side  of  a  70 
X  140  pm2  cooler  that  had  the  integrated  diode  removed  by 
selective  wet  etching.  The  temperature  data  was  curve- 
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Fig.  3  Measured  cooling  versus  cooler  current  using  a  microther- 
mocouple  for  a  well-packagOd  device  (curve  1),  and  using  the  inte¬ 
grated  pin  diode  with  poorer  packaging  (curve  2).  Both  device  areas 
were  70x140  yum2. 


Fig.  4  Cooling  versus  excess  heat  load  density.  The  points  are  ex¬ 
perimental  data,  while  the  linear  curve  fit  corresponds  to  Eq.  (3). 


fitted  with  a  second-order  polynomial,  resulting  in  a  linear 
coefficient  of  3.53°C/A  and  a  quadratic  coefficient  of 
3.37°C/A2.  Since  this  cooler  structure  was  identical  to  the 
one  with  the  integrated  diode  (device  B),  the  two  devices 
should  have  the  same  linear  coefficient.  The  quadratic  co¬ 
efficient,  on  the  other  hand,  may  differ,  since  Joule  heating 
is  dependent  on  processing  variations  such  as  contact  resis¬ 
tance,  packaging,  and  wire  bonding.  Consequently  the  con¬ 
tact  resistance  (pc)  can  be  determined  from  Eq.  (1)  by 
adjusting  its  value  until  the  linear  coefficients  match.  Using 
this  method,  device  B  from  Fig.  3  also  shows  the  tempera¬ 
ture  versus  current  for  the  cold  side  of  a  cooler  with  an 
integrated  diode  biased  at  1  mA.  The  performance  is  much 
worse,  due  to  poorer  packaging  and  a  higher  contact  resis¬ 
tance.  For  device  B  the  contact  resistance  was  determined 
to  be  4.4  X  10“  6  £1  cm2.  The  contact  resistance  for  device  A 
was  measured  by  the  transmission-line  model11  and  was 
estimated  to  be  roughly  5  X  10" 7  (!  cm2.  Knowing  the  con¬ 
tact  resistance,  the  current  through  the  diode  was  increased, 
and  the  temperature  versus  cooler  current  was  again  mea¬ 
sured.  Each  time  the  diode  current  was  changed,  the  tem¬ 
perature  sensitivity  was  recalibrated.  By  changing  the  diode 
current,  the  heat  load  is  changed.  Figure  4  shows  the  maxi¬ 
mum  cooling  on  top  of  the  device  as  a  function  of  heat 
load.  The  dependence  of  cooling  on  the  heat  load  density 
can  be  described  in  a  similar  manner  to  that  of  a  thermo¬ 
electric  device,12 


T'c-T'c  max' 


1- 


(3) 


where  Tc  is  the  cold-side  temperature,  g,  is  the  heat  load 
density,  and  TCnrdX  and  g|max  are  the  corresponding  maxi¬ 
mum  values.  From  Fig.  4  we  find  that  the  maximum  cool¬ 
ing  was  0.39°C,  and  the  maximum  heat  load  density  was  93 
W/cm2,  considering  only  heat  generation  by  the  diode.  In 
addition  to  the  diode  there  is  a  constant  heat  load  due  to  the 
two  wire  bonds  attached  to  the  diode  ( RDX  and  /?£)2)»  anc^ 
another  heat  load  due  to  the  wire  bond  to  the  cooler  (/?c), 
which  changes  with  changing  cooler  current.  In  fact,  much 
of  the  improvement  from  device  B  to  device  A  in  Fig.  3  can 


be  attributed  to  the  shorter  wire  bonds.  The  wire-bond 
length  should  not  be  too  short,  however,  or  else  the  heat 
conduction  through  the  wire  from  the  cold  side  to  the  heat 
sink  will  begin  to  become  an  issue.  An  optimum  wire 
length  can  be  determined  from  the  wire’s  diameter,  its  elec¬ 
trical  and  thermal  conductivities,  and  the  temperature  dif¬ 
ference  across  the  wire  bond.  Figure  5  shows  this  analysis 
for  a  gold  wire  (25-/im  diameter)  with  various  values  of 
current  and  cooling  temperature,  assuming  that  the  package 
side  of  the  wire  bond  is  well  heat-sunk.  For  long  wire 
bonds  the  Joule  heating  dominates  the  cooling  power  loss, 
and  curves  with  a  similar  current  approach  the  same  value. 
For  short  wire  bonds  the  heat  conduction  dominates,  and 
curves  with  a  similar  temperature  difference  approach  the 
same  value.  In  between  these  two  extremes  there  is  an  op¬ 
timum  wire  bond  length  for  a  given  current  and  tempera¬ 
ture  difference. 

It  is  useful  to  examine  the  magnitudes  of  the  various 
sources  of  heat  that  are  contributing  to  the  total  applied 
thermal  load.  Figure  6  shows  the  heat  load  density  versus 


Fig.  5  Cooling  power  lost  versus  gold-wire-bond  length  for  various 
bias  currents  and  temperature  differences.  The  electrical  and  ther¬ 
mal  conductivities  of  gold  were  assumed  to  be  45.5 
X104  ft-1  cm"1  and  3.17  W/cm  K,  respectively. 
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Fig.  6  (a)  Heat  load  density  for  the  diode  versus  diode  current,  (b)  Heat  load  density  from  the  wire 
bond  (curve  1 )  and  from  the  contact  resistance  (curve  2)  versus  cooler  current. 


the  respective  current  bias  for  the  dominating  sources  of 
heat.  For  small  temperature  differences,  it  was  assumed  that 
approximately  one-half  the  heat  generation  in  the  wire 
bonds  arrives  at  the  device,  while  the  other  half  goes  to  the 
heat  sink.  The  heat  generation  due  to  the  diode  contact 
resistance  and  wire  bonds  connected  to  the  diode  is  not 
shown,  since  it  was  several  orders  of  magnitude  smaller 
due  to  the  small  value  of  the  diode  current.  At  the  optimum 
cooler  current  bias  of  160  mA  (device  B  from  Fig.  3),  there 
is  47  W/cm2  of  heat  load  density  due  to  the  wire  bond 
connected  to  the  device,  and  an  additional  18  W/cm2  due  to 
the  contact  resistance.  Using  these  values,  the  actual  maxi¬ 
mum  heat  load  density  was  158  W/cm2. 

The  smallest  coolers  yielded  the  largest  absolute  cool¬ 
ing.  Since  a  smaller  device  requires  less  current  to  achieve 
the  same  temperature  gradient,  there  is  less  current  for 
parasitic  Joule  heating  from  the  wire  bonds  and  contact 
resistance,  and  the  overall  cooling  is  larger.  Increasing  the 
heat-sink  temperature  resulted  in  a  further  increase  in  cool¬ 
ing.  Figure  7  shows  the  maximum  cooling  increasing  from 
1.15  to  2.25°C  when  the  heat-sink  temperature  was  raised 
from  20  to  90°C.  One  reason  for  the  improvement  is  the 
larger  thermal  spread  of  carriers  at  higher  heat-sink  tem¬ 
peratures,  which  allows  for  more  carriers  to  pass  over  the 


heterojunction  barrier.  The  other  reason  is  the  reduced  ther¬ 
mal  conductivity  of  the  barrier  material,  cutting  the  amount 
of  heat  that  returns  to  the  cold  junction. 

5  Application  to  Optoelectronics 

The  benefits  of  integrated  thin-film  cooling  for  optoelec¬ 
tronic  devices  can  be  discussed  in  three  regimes,  described 
as  temperature  tuning,  heat  pumping,  and  absolute  cooling. 
In  the  first  regime  the  temperature  is  to  be  tuned  by  a  mod¬ 
erate  amount  to  control  the  operating  characteristics  such  as 
the  emission  wavelength  in  a  laser  diode.  In  a  laser  diode 
operating  near  or  above  lasing  threshold,  most  of  the  heat  is 
generated  in  the  vicinity  of  the  active  region  due  to 
nonradiative  recombination  and  absorbed  radiative 
recombination.13,14  Since  there  is  a  finite  thermal  resistance 
between  the  active  region  and  heat  sink,  the  temperature  of 
the  active  region  will  be  greater  than  that  of  the  heat  sink. 
This  thermal  resistance  is  mostly  due  to  the  substrate  un¬ 
derneath  the  laser  for  in-plane  geometries,  and  a  combina¬ 
tion  of  the  substrate  and  bottom  mirror  for  vertical  cavity 
geometries.  By  using  the  integrated  cooler,  the  active- 
region  temperature  may  be  controlled  more  precisely  and 
rapidly,  as  the  distance  to  the  cooler  can  be  as  small  as  a 
few  microns  and  the  mass  of  the  cooler  is  comparable  to 
that  of  the  laser.  This  is  also  true  in  other  optoelectronic 
devices  such  as  filters  and  switches.  Many  of  these  devices 
make  use  of  Bragg  gratings  or  nonlinear  waveguides, 
where  it  is  important  to  maintain  the  temperature  at  a  cer¬ 
tain  value  to  achieve  the  desired  phase-matching  condition. 
In  many  of  these  cases,  the  cooler  would  often  be  operated 
in  reverse  bias  to  heat  as  well  as  cool  the  device. 

The  active  region  in  a  typical  diode  laser  can  reach  tem¬ 
peratures  more  than  70°C  above  the  heat-sink  temperature. 
In  this  regime  the  microrefrigerator  does  not  need  to  cool 
the  laser  below  the  heat-sink  temperature,  but  only  needs  to 
provide  high  heat  pumping  densities.  If  the  conventional 
cold  side  of  the  cooler  is  actually  hotter  than  that  of  the  heat 
sink,  then  the  heat  conduction  [third  term  in  Eq.  (3)]  is  in 
the  opposite  direction  and  larger  cooling  power  densities 
are  possible.  For  example,  if  the  active  region  of  a  DFB 
laser  with  a  temperature-dependent  wavelength  shift  of  0.1 
nm/°C  can  be  cooled  to  the  heat-sink  temperature,  then  a 
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tuning  of  7  nm  should  be  possible.  This  wavelength  shift 
could  also  be  used  to  monitor  the  temperature  of  the  active 
region,  providing  yet  another  way  to  characterize  the  thin- 
film  cooler’s  performance.  Similarly,  the  output  power  for  a 
typical  DFB  laser  changes  by  approximately  0.4  dB/°C. 
Temperature  sensitivity  in  other  kinds  of  laser  diodes  is 
typically  much  greater.  Broad-area  Fabry-Perot  devices  op¬ 
erating  in  the  red  and  near-IR  spectral  regions  typically 
have  wavelength  sensitivities  of  0.5  nm/°C,  resulting  in  a 
larger  tunability.  Furthermore,  if  the  temperature  of  the  ac¬ 
tive  region  could  be  kept  close  to  that  of  the  heat  sink,  then 
the  maximum  operating  temperature  of  the  laser  would  be 
equal  to  that  of  the  heat  sink.  Keeping  the  temperature  of 
the  active  region  close  to  that  of  the  heat  sink  would  also 
inevitably  extend  the  lifetime  of  the  laser.  Finally,  with  a 
cooled  active  region,  the  carrier  leakage  out  of  the  separate 
confinement  heterostructure  layers  would  be  reduced,  re¬ 
sulting  in  a  lower  threshold  current. 

The  last  regime  considered  is  that  of  large  absolute  cool¬ 
ing.  If  substantial  cooling  below  the  heat-sink  temperature 
is  desired,  simulations  with  better-optimized  structures  and 
packaging  have  predicted  single-stage  cooling  of  20  to 
30°C  with  cooling  power  densities  of  several  thousand 
W/cnr.16  This  better  performance  would  not  only  enhance 
their  utility  in  the  above-mentioned  applications,  but  also 
allow  for  use  in  such  applications  as  IR  lasers  and  photo¬ 
detectors. 

6  Conclusions 

Monolithicaliy  integrated  cooling  of  optoelectronic  devices 
with  thin-film  solid-state  coolers  has  been  demonstrated. 
Cooling  power  densities  of  several  hundred  W/cm2  were 
measured  with  an  integrated  InP  pin  diode  and  a  l-/um- 
thick  InGaAs/InGaAsP  HIT  cooler.  The  wire  bonds  and 
contact  resistance  were  determined  to  add  significantly  to 
the  heat  load  density  and  must  be  minimized  in  an  opti¬ 
mally  packaged  device.  Integration  of  coolers  with  diode 
lasers  grown  from  similar  materials  is  possible,  and  it 
should  be  suitable  for  significantly  controlling  the  charac¬ 
teristics  of  the  laser  sources  by  manipulating  the  cooler 
current.  More  generally,  these  monolithicaliy  integrated 
thin-film  coolers  should  have  wide  applications  in  any  op¬ 
toelectronic  device  where  it  is  beneficial  to  control  the  op¬ 
erating  temperature. 
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ABSTRACT 

The  fabrication  and  characterization  of  SiGe/Si  superlattice  coolers  are  described. 
Superlattice  structures  were  used  to  enhance  the  device  performance  by  reducing 
the  thermal  conductivity  between  the  hot  and  the  cold  junctions,  and  by  providing 
selective  removal  of  hot  carriers  through  thermionic  emission.  Cooling  of  2.2  K 
and  2.5  K  were  measured  on  n-type  and  p-type  75  x  75  pm2  devices, 
corresponding  to  cooling  power  densities  of  hundreds  of  watts  per  square 
centimeter.  Cooling  up  to  7.2  K  was  obtained  at  150  °C  for  p-type  50  x  50  pm2 
devices.  The  results  show  that  n-type  and  p-type  coolers  can  work  together  in 
similar  optimal  conditions.  This  paves  the  road  to  fabricate  n-type  and  p-type 
superlattice  coolers  in  an  array  format  electrically  in  series  and  thermally  in 
parallel,  similar  to  conventional  thermoelectric  devices,  and  thus  achieve  large 
cooling  capacities  with  relatively  small  currents. 
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INTRODUCTION 


The  demand  for  high-speed,  high- density  very- large- scale  integrated  (VLSI)  circuits  is 
accompanied  by  higher  power  densities.  Many  devices  are  already  operating  at  or  near  the  edge 
of  their  reliability.  Heat  generation  and  thermal  management  are  becoming  one  of  the  barriers  to 
further  increase  clock  speeds  and  decrease  feature  sizes.  Thermoelectric  (TE)  refrigeration  is  a 
solid-state  active  cooling  method  with  high  reliability.  TE  coolers  are  silent,  environmentally 
“green”  and  capable  for  spot  cooling.  BhTe3  based  TE  coolers  are  commonly  used  in  electronics 
and  optoelectronics  for  cooling  and  temperature  stabilization,  but  their  manufacturing  is  a  bulk 
technology  and  is  incompatible  with  integrated  circuit  (IC)  fabrication  process.  Solid-state 
coolers  monolithically  integrated  with  VLSI  devices  are  an  attractive  way  to  achieve  compact 
and  efficient  cooling.  However,  the  TE  figure  of  merit  (Z)  is  quite  low  for  most  of  the 
semiconductors  used  in  microelectronics  and  optoelectronics.  This  makes  it  difficult  to  get  high 
performance  integrated  coolers.  Recently  heterostructure  thermionic  coolers  and  superlattice 
coolers  are  proposed,  and  theoretical  calculations  show  that  large  improvement  in  Z  can  be 
achieved  and  efficient  cooling  becomes  possible  with  coolers  made  of  conventional 
semiconductor  materials  [1-6].  InP  based  heterostructure  integrated  thermionic  coolers  have  been 
demonstrated  by  Shakouri  et  al,  one  degree  cooling  was  obtained  over  1  pm  InGaAsP  barrier  [7- 
8].  In  this  paper,  we  report  our  experimental  results  for  SiGe/Si  superlattice  coolers. 

SiGe  is  a  good  thermoelectric  material  for  high  temperature  refrigeration  and  power  generation 
applications  [9].  It  has  been  used  for  thermo-nuclear  power  generation  in  satellites  for  deep  space 
missions.  In  this  paper  we  describe  the  fabrication  and  characterization  of  single- element  SiGe/Si 
superlattice  coolers  that  use  thennionic  and  thermoelectric  effects.  Both  n-type  and  p-type 
devices  have  been  demonstrated.  This  paves  the  road  to  fabricate  ntype  and  p-type  superlattice 
coolers  in  an  array  format  electrically  in  series  and  thermally  in  parallel,  similar  to  conventional 
thermoelectric  devices,  and  thus  achieve  large  cooling  capacities  with  relatively  small  currents. 
Superlattice  structures  can  enhance  the  cooler  performance  by  reducing  the  thermal  conductivity 
between  the  hot  and  the  cold  junctions  [10]  and  by  selective  emission  of  hot  carriers  above  the 
barrier  layers  in  the  thennionic  emission  process  [1-2,  7].  Si  and  SiGe-based  devices  can  be 
monolithically  integrated  with  these  coolers  to  achieve  better  device  performance. 
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MATERIAL  AND  DEVICE  FABRICATION 


SiGe/Si  superlattice  structures  were  grown  in  a  Perkin-Elmer  Si  molecular  beam  epitaxy  (MBE) 
growth  chamber  on  125  mm  diameter,  (OOl)-oriented  Si  substrates  doped  to  <0.020  £2 -cm  with 
Sb  for  the  n-type  devices  and  to  <0.006  £2 -cm  with  B  for  the  p-type  devices. 

The  cooler's  main  part  is  a  3  pm  thick  SiuGeoj/Si  superlattice  grown  symmetrically  strained  on 
a  buffer  layer  designed  so  that  the  in-plane  lattice  constant  approximates  that  of  relaxed 
Si).9Geo.i.  The  doping  levels  are  2xl019  cm'3  and  SkIO19  cm'3  for  n-type  and  p-type  SiGe/Si 
superlattices,  respectively. 

For  the  relaxed  buffer  layer,  we  grew  a  10- layer  structure,  alternating  between  150  nm  Si).9Geo.i 
and  50  nm  Si3.845Ge0.150C0.005,  roughly  following  the  method  suggested  by  Osten  et  al.  [11].  For 
the  ntype  sample,  the  layers  were  grown  at  390  °C  and  annealing  was  performed  £t  750  °C  for 
10  minutes  after  the  growth  of  each  Sio.gGeo.i  layer.  In  the  p-type  case,  the  growth  temperature 
was  simply-  alternated  between  700  °C  for  the  Sio.9Geo.i  layer  and  500  °C  for  the 
Sio.845Geo.150Co.005  layer.  After  the  relaxed  buffer  sequence,  another  150  nm  thick  Sij.gGeo.i  layer 
was  grown  at  390  °C  for  the  n-type  sample  and  a  1  pm  thick  Si^Geo.i  layer  was  grown  at  700  °C 
for  the  p-type  case.  Growth  of  a  200  period,  5  nm  SiuGetu/  10  nm  Si  superlattice  then  followed 
at  390  °C  (n-type  case)  and  500  °C  (p-type  case).  Finally,  the  samples  were  capped  with  a 
heavily  doped  Si).9Geo.i  layer  sequence  to  provide  for  a  low- resistance  ohmic  contact. 

The  processing  of  SiGe/Si  superlattice  coolers  is  compatible  with  that  of  VLSI  technology. 
Mesas  3.6  pm  high  were  fabricated  using  reactive  ion  etching  down  to  the  SiGe  buffer  layer  to 
fonn  the  devices.  Metallization  was  made  on  the  mesa  and  Sij.gGeo.i  buffer  layer  for  top  and 
bottom  contact  respectively.  A  scanning  electron  microscope  (SEM)  image  of  the  processed 
devices  is  shown  in  Fig.  1 . 
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Electrical  contact  resistance  is  an  important  factor  that  limits  the  optimum  device  performance. 
Low  contact  resistance  is  essential  lor  thin  film  coolers  [12].  A  100  nm  titanium  metal  layer  was 
first  deposited  This  was  intended  to  form  a  titanium  silicide  on  the  silicon  surface  and  to  act  as  a 
metal  barrier  to  separate  Si  and  Al.  Subsequently  1  pm  thick  aluminum  layer  was  deposited.  To 
facilitate  wire  bonding,  an  additional  metal  layer  of  titanium  and  gold  was  used.  Annealing  was 
accomplished  at  temperatures  between  400  °C  and  600  °C  with  rapid  thermal  annealer.  TLM 
(transmission  line  mode)  measurements  were  carried  out  to  measure  the  contact  resistance.  The 
measured  specific  contact  resistivity  is  in  the  mid  10'7  £2 -cm2  range  for  both  ntype  and  p-type 
devices  as  shown  in  Fig.  2. 


TEST  RESULTS  AND  DISCUSSIONS 

As  shown  in  Fig.  3,  the  SiGe/Si  superlattice  coolers  were  tested  on  a  temperature  controlled 
copper  plate  that  worked  as  the  heat  sink.  The  heat  sink  is  set  at  a  constant  temperature  during 
the  device  testing.  To  cool  the  top  of  the  devices,  current  was  sent  from  the  top  metal  contact  to 
bottom  metal  contact  for  p-type  device  and  the  reverse  direction  for  n-type  device.  Micro 
thermocouples  were  used  to  measure  the  cooling  temperatures.  Fig.  4  displays  the  measured 
temperature  on  top  of  the  75  x  75  pm2  n-type  and  p-type  devices  as  a  function  of  current  with  the 
heat  sink  at  25  °C.  The  cooling  temperature  is  relative  to  the  value  at  zero  current.  Despite  the 
large  thermal  resistance  of  the  Si  substrate  and  package  on  the  hot  side  of  the  cooler  and  Joule 
heating  in  the  wires  connected  to  the  cold  junction,  a  net  cooling  of  2.2  K  and  2.5  K  was 
observed  on  top  of  the  ntype  and  p-type  devices  respectively.  This  cooling  over  the  small  barrier 
thickness  corresponds  to  cooling  capacities  on  the  order  of  hundreds  of  watts  per  square 
centimeter. 

Devices  of  different  sizes,  from  50  x  50  pm2  to  150  x  150  pm2,  were  tested.  The  results  on  p- 
type  SiGe/Si  coolers  are  shown  in  Fig.  5.  2.7  K  cooling  is  obtained  for  the  50  x  50  pm2  p-type 
device.  The  test  results  shows  the  maximal  cooling  temperature  increases  as  the  device  size 
decreases.  This  cannot  be  explained  with  conventional  ideal  thermoelectric  or  thermionic  cooler 
models.  This  is  due  to  the  three-dimensional  (3D)  nature  of  current  spreading  in  the  substrate  and 
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the  Joule  heating  from  the  bonding  wires.  For  the  same  wire  resistance,  smaller  devices  require  a 
smaller  optimum  current  which  is  favorable  for  better  cooling  performance.  A  3D  finite- 
difference  heat  equation  solver  [8]  is  being  used  to  model  the  device  performance. 

The  SiGe/Si  superlattice  coolers  have  a  better  performance  at  higher  temperatures.  The 
measured  cooling  for  50  x  50  pm2  p-type  SiGe/Si  devices  at  150  °C  (heat  sink  temperature)  is 
shown  in  Fig.  6.  The  net  cooling  increases  from  2.7  K  at  25  °C  to  7.2  K  at  150  °C.  The  reason 
for  improved  performance  with  the  increase  in  temperature  is  two  fold.  First,  in  the  temperature 
range  of  our  measurements,  the  figure  of  merit  ZT  of  SiGe  alloy  increases  with  temperature  due 
to  smaller  thennal  conductivity  and  larger  Seebeck  coefficient  at  higher  temperatures  [13],  and 
second,  the  thermionic  emission  cooling  power  increases  due  to  the  larger  thermal  spread  of 
carriers  near  the  Fenni  energy. 

Since  the  devices  described  above  are  single  element  superlattice  coolers,  heat  conduction  to  the 
cooling  side  from  the  bonding  wires  or  probes  are  unavoidable.  This  reduces  the  maximum 
cooling.  To  solve  this  problem,  ntype  and  p-type  SiGe/Si  superlattice  coolers  can  be  made  in  an 
array  format  electrically  in  series  and  thermally  in  parallel,  similar  to  conventional 
thermoelectric  coolers.  In  this  way,  both  electrical  terminals  can  be  made  at  the  heat  sink  side, 
and  large  cooling  capacities  can  be  achieved  with  relatively  small  currents.  For  the  cooler  array, 
it  is  preferable  to  have  ntype  and  p-type  devices  work  at  the  same  optimal  current.  This  can  be 
done  by  selecting  suitable  device  sizes  for  the  cooler  couple.  For  example,  optimal  operation 
currents  for  the  ntype  75  x  75  pm2  devices  (in  Fig.  4)  and  the  p-type  50  x  50  pm2  devices  (in 
Fig.  5)  are  about  the  same,  cooling  of  2.2  K  and  2.7  K  can  be  obtained  at  the  same  current  ~230 
mA. 

With  optimized  superlattice  material  and  device  design  and  packaging,  cooling  up  to  tens  of 
degrees  is  possible.  More  important,  the  processing  of  SiGe/Si  superlattice  coolers  is  compatible 
with  that  of  VLSI  technology,  thus  it  is  possible  to  integrate  these  coolers  monolithically  with  Si 
and  SiGe  devices  to  achieve  compact  and  efficient  cooling. 
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CONCLUSIONS 


SiGe/Si  superlattice  coolers  were  demonstrated  and  cooling  of  2.2  K  and  2.5  K  were  measured 
for  n-  and  p-type  75  x  75  pm2  devices.  Cooling  up  to  7.2  K  was  obtained  at  150  °C  for  p-type  50 
x  50  pm2  devices.  The  results  show  that  the  packaged  devices  of  both  n  and  p-type  coolers  can 
work  together  with  similar  bias  current  conditions.  This  paves  the  road  to  fabricate  n  and  p-type 
superlattice  coolers  in  an  array  fonnat  electrically  in  series  and  thermally  in  parallel,  similar  to 
conventional  thermoelectric  devices.  Thus  large  cooling  capacities  with  relatively  small  currents 
can  be  achieved  and  the  problems  of  series  resistance  and  heat  load  of  contacting  wires  can  be 
avoided. 
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FIGURE  CAPTIONS 


Figure  1 .  SEM  image  of  the  processed  SiGe/Si  superlattice  cooler  devices. 

Figure  2.  Ohmic  contact  resistance  for  n-type  and  p-type  SiGe  based  on  TLM  measurements. 
The  doping  is  2xl020  cm"3  for  p-type  SiGe  and  lxlO20  cm"3  for  n-type  SiGe. 

Figure  3.  Schematic  diagram  of  SiGe/Si  superlattice  cooler  for  testing  (not  to  scale). 

Figure  4.  Measured  cooling  for  ntype  and  p-type  75  x  75  pm2  SiGe/Si  superlattice  coolers  at  25 
°C  heat  sink  temperature. 

Figure  5.  Cooling  measured  on  top  of  p-type  SiGe/Si  superlattice  coolers  of  different  sizes  at  25 
°C  heat  sink  temperature. 

Figure  6.  Measured  cooling  for  a  50  x  50  pm2  p-type  SiGe/Si  superlattice  cooler  at  150  °C  heat 
sink  temperature. 
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Abstract 

Semiconductor  superlattice  structures  have  shown  promise 
as  thermoelectric  materials  for  their  high  power  factor  and 
low  thermal  conductivity  [1,2].  Heat  conduction  by  phonons 
in  semiconductor  superlattices  is  controlled  by  two 
mechanisms:  interface  scattering  by  defects  and/or  roughness 
and  phonon  filtering  by  Bragg  reflection.  The  thermal 
conductivity  of  three  different  InP/lnGaAs  superlattices  was 
measured  from  77  -  300  K  using  the  3co  method.  Small  "dips" 
in  the  measured  thermal  conductivity  were  observed  near  90 
K,  which  may  be  indicative  of  phonon  filtering. 

Introduction 

The  thermal  conductivity  of  a  thermoelectric  material  is  a 
key  parameter  in  both  the  thermoelectric  (TE)  and  thermionic 
(Tl)  figure  of  merit.  In  both  cases,  the  device  performance 
increases  with  a  decrease  in  thermal  conductivity.  Heat 
transport  in  semiconductors  is  dominated  by  phonons  for 
carrier  densities  below  1020  cm'3.  Recent  work  has  shown  that 
the  thermal  conductivity  of  semiconductor  superlattices  is 
often  lower  than  the  value  as  calculated  from  their  constituent 
materials  using  Fourier  heat  conduction  theory  [3-8]. 
Additionally,  in  some  instances,  thermal  conductivities  have 
been  reported  that  are  below  the  value  of  a  corresponding 
alloy  [5-8].  This  reduction  of  thermal  conductivity  has 
mainly  been  attributed  to  two  mechanisms:  (i)  phonon 
scattering  at  interfaces  due  to  roughness,  defects,  and/or 
dislocations,  (ii)  phonon  "filtering"  [9],  Previous 
measurements  could  not  separate  out  these  two  effects 
because  the  superlattices  were  not  lattice  matched.  It  is  well 
known  that  interface  scattering  will  reduce  the  phonon  mean 
free  path  and,  hence,  decrease  the  heat  transport.  However, 
an  increase  in  scattering  sites  also  increases  the  electrical 
resistance  causing  an  undesirable  drop  in  the  power  factor 


S2a.  Therefore,  it  seems  that  the  reduction  of  thermal 
conductivity  through  the  use  of  phonon  bandgaps  and  phonon 
filtering  should  be  explored; 

In  this  work  we  measured  the  thermal  conductivity  of 
three  different  lattice  matched  InGaAs/lnP  superlattices.  The 
reasons  for  studying  this  particular  superlattice  system  are 
twofold.  One  is  that  InGaAs/lnP  superlattices  are  currently 
being  utilized  as  thermionic  coolers  [10].  Additionally,  these 
superlattices  are  lattice  matched  with  high  quality  interfaces, 
such  that  the  effects  of  the  interface  scattering  will  be  greatly 
diminished.  For  this  reason  it  may  be  possible  to  separate  out 
the  effects  of  phonon  filtering  and  interface  scattering. 

Analogous  to  optical  filtering  by  distributed  Bragg 
reflection,  phonon  filtering  takes  place  when  phonons  of 
wavelength  XQ  satisfy  the  Bragg  condition  X0=2d0,  where  d0  is 
the  superlattice  period.  In  a  very  nice  set  of  experiments, 
Narayanamurti  et  al.  [9]  showed  that  for  a  GaAs/AlGaAs 
superlattice,  longitudinal  phonon  transmission  near  one  meV 
can  be  reduced  by  roughly  60  percent  over  a  bandgap  of 
about  0.1  meV.  However,  that  experiment  was  done  with 
monochromatic  phonons,  while  heat  is  conducted  over  a  wide 
range  of  phonon  frequencies.  Therefore,  it  is  more  difficult  to 
observe  the  phonon  filtering  phenomenon  directly  from 
thermal  conductivity  data.  However,  since  the  dominant 
phonon  frequency  is  dependent  on  temperature  it  is  possible 
to  study  spectral  filtering  through  the  Planck  blackbody 
distribution  by  measuring  the  thermal  conductivity  over  a 
range  of  temperatures. 

Experimental  Details 

The  thermal  conductivity  of  the  InGaAs/lnP  superlattices 
was  measured  using  the  3co  technique  [7].  The  3co  method  is 
an  ac  technique  that  utilizes  a  narrow  metal  line  that  is 
patterned  on  the  surface  of  the  sample  as  both  a  heater  and  a 
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thermometer.  A  current  with  angular  frequency  co  is  passed 
through  the  metal  line,  which  heats  the  surface  of  the  sample 
through  Joule  heating  at  a  frequency  2co.  The  resistance  of  a 
pure  metal  increases  with  increasing  temperature,  therefore 
causing  the  electrical  resistance  of  the  heater  to  also  oscillate 
at  2co.  This  2o>  component  times  the  original  driving  current 
at  co  produces  a  small  voltage  oscillation  at  3o>  which  can  be 
used  to  determine  the  thermal  response  of  the  sample. 


Aluminum  Heater  /  Thermometer  (4-20  pm  wide,  500-2000  pm  long ) 


Figure  1:  Superlattice  with  aluminum  heater  patterned  on  (op.  The  two 
InGaAs  layers  are  used  as  electrical  contacts  for  other  measurements,  while 
the  PECVD  oxide  is  deposited  on  top  for  electrical  isolation  between  the 
aluminum  heater  and  the  superlattice. 

Figure  1  shows  a  cross-sectional  view  of  the  sample. 
These  samples  were  also  used  in  a  variety  of  other 
experiments  and  the  InGaAs  layers  above  and  below  the 
superlattice  serve  as  contacts.  The  lattice-matched 
InP/InGaAs  superlattice  was  deposited  by  MetalOrganic 
Chemical  Vapor  Deposition  (MOCVD),  For  a  dielectric 
sample  the  metal  heater/thermometer  line  may  be  placed 
directly  on  the  surface.  However,  since  the  superlattices  are 
electrically  conducting  a  thin  insulating  layer  must  be 
deposited  on  the  sample  first.  We  used  a  130  nm  thick  Si02 
layer  that  is  deposited  using  Plasma  Enhanced  Chemical 
Vapor  Deposition  (PECVD)  at  300°C.  An  aluminum  heater 
with  a  thickness  of  -200  nm  was  then  evaporated  and 
patterned  on  top  of  the  oxide  layer  using  the  lift  off  technique. 
The  heaters  used  in  this  work  were  typically  5  pm  wide  and 
500  pm  long. 

The  temperature  rise  at  the  surface  was  measured  over  a 
wide  range  of  frequencies.  This  measurement  gave  the  series 
resistance  of  the  substrate  and  the  films  on  the  surface.  The 
thermal  conductivity  of  the  substrate  was  readily  obtained 
from  the  slope  of  the  measured  temperature  rise  (AT)  vs.  the 
natural  log  of  frequency  using  [11] 


*  ria^i  « 

where  is  the  thermal  conductivity  of  the  substrate,  V  is 
the  voltage  across  the  metal  line  at  co,  R  is  the  resistance  of 
the  metal  line,  1  is  the  length  of  the  metal  line,  f2  and  ft  are  the 
two  frequencies  used  to  find  the  slope,  and  V3tt ,  are  the 


in  phase  3o>  voltages  at  the  two  frequencies,  and  dR/dT  is  the 
measured  resistance  change  with  temperature  of  the  metal 
line. 


Once  the  thermal  conductivity  is  known,  the  AT  of  the 
substrate  can  be  calculated  [12].  The  thermal  conductivity  of 
the  InP  substrate  can  be  found  in  Figure  4.  Since  each  film  is 
thin  and  has  little  capacitance,  it  simply  adds  a  frequency 
independent  AT  to  the  temperature  rise  of  the  substrate. 


(2) 


The  thermal  conductivities  for  the  InGaAs  and  oxide  layers 
were  measured  separately  on  other  samples  using  [12] 


Pt 


(3) 


where  is  the  film  thermal  conductivity,  P  is  the  heater 
power,  t  is  the  film  thickness,  ATfl)(n  is  the  temperature  rise  of 
the  film,  and  w  and  1  are  the  width  and  length  of  the 
heater/thermometer  line,  respectively.  These  measurements 
were  performed  on  separate  samples  that  accompanied  the 
superlattices  through  the  PECVD  oxidation, 
photolithography,  and  lift  off  processes.  These  samples  were 
130  nm  of  PECVD  oxide  on  a  bare  silicon  wafer  and  2  pm  of 
InGaAs  on  an  InP  substrate  with  the  130  nm  Si02  layer  on 
top.  The  thermal  conductivity  of  the  InGaAs  and  oxide  are 
shown  in  Figures  3  and  4,  respectively.  Once  the 
contributions  of  the  InGaAs  and  oxide  layers  were 
determined,  they  were  subtracted  out  from  the  raw  data, 
which  left  only  the  AT  of  the  superlattice.  The  thermal 
conductivity  of  the  superlattice  was  then  determined  from  eqn 
(3)  in  the  same  manner  as  for  the  InGaAs  and  oxide. 


Figure  2;  Temperature  oscillations  as  a  function  of  frequency  for  a 
superlattice.  Note  the  frequency  independent  temperature  rise  associated 
with  each  thin  film. 

The  experiments  were  conducted  in  a  liquid  nitrogen  cryostat 
over  a  temperature  range  of  77  -  320  K  and  the  data  was  taken 
with  a  lock  in  amplifier. 

Results  and  Discussion 

Three  InGaAs/InP  superlattices  were  measured  in  this  study. 
All  three  samples  had  80  superlattice  periods  with  each  period 
25  nm  thick  to  give  a  total  thickness  of  2pm.  The  ratio  of  the 
thickness  of  the  InGaAs  layer  to  the  InP  layer  in  each  period 
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was  different  for  the  three  samples.  The  first  superlattice 
contained  18  nm  of  InGaAs  and  7  nm  of  InP  in  each  period, 
while  for  the  2nd  and  3rd  samples  this  ratio  was  20:5  and  22:3, 
respectively.  This  ratio  was  changed  in  order  to  shift  the 
location  of  the  phonon  bandgaps. 


0  50  100  tSO  200  2S0  300  350  400 


Temperature  (K) 


0  50  too  150  200  250  500  950  400 

Temperature  (K) 

Figure  3:  Thermal  conductivities  for  the  three  superlattices.  The  labels  refer 
to  the  ratio  of  InGaAs  to  InP  in  each  period  (i.e.  18/7  is  for  the  superlatticc 
with  a  period  of  18  nm  of  InGaAs  and  7  nm  of  InP).  All  superlattices  had  80 
periods  of  25  nm  each  giving  a  total  thickness  of  2  pm. 

In  this  study,  only  relatively  narrow  lines  (-5  pm)  were 
used.  Since  the  half  width  of  the  line  is  approximately  the 
same  as  the  film  thickness,  thermal  conductivities  for  the 
superlattices  and  the  InGaAs  film  reported  here  are  a 
combination  of  the  in  plane  and  cross  plane  values.  In  the 
future,  wide  lines  will  be  used  in  conjunction  with  the  narrow 
ones  along  with  a  finite  difference  model  of  the  heat 
conduction  in  order  to  extract  the  two  values  [13]. 

Figure  3  shows  the  measured  thermal  conductivities  for 
the  three  superlattices  studied.  The  2  pm  InGaAs  layer  is 


included  for  reference.  K1VC  is  simply  an  “average”  thermal 
conductivity  that  was  calculated  also  for  reference.  It  is 
calculated  from  eqn  (4)  which  does  not  take  into  account  any 
interface  scattering  or  phonon  interactions. 

(4) 

where  d  is  the  thickness  of  each  layer,  K  is  the  thermal 
conductivity  of  the  layer,  and  the  subscripts  1  and  2  refer  to 
InGaAs  and  InP,  respectively. 

The  uncertainty  in  the  absolute  value  of  the  thermal 
conductivities  is  rather  high  at  about  25  percept.  This 
uncertainty  was  dominated  by  the  uncertainty  in  the  widths  of 
the  aluminum  lines.  Despite  the  fact  that  that  the  widths  were 
measured  with  an  Atomic  Force  Microscope  (AFM),  there 
was  some  variation  in  the  line  width  along  the  length  of  the 
heater/thermometer  which  left  us  with  an  uncertainty  of 
approximately  ±  0.5  pm.  This  accounted  for  over  half  of  the 
total  overall  uncertainty.  The  large  uncertainty  is  likely  the 
reason  that  K,ve  was  above  the  thermal  conductivity  for  two  of 
the  superlattices,  but  below  the  third. 

However,  it  is  important  to  note  that  this  uncertainty  was 
constant  over  the  temperature  range  studied.  Therefore,  while 
the  absolute  value  of  the  thermal  conductivity  has  a  high 
uncertainty,  we  expect  that  the  general  trends  of  the  data  are 
accurate.  With  that  in  mind,  it  is  apparent  that  for  all  three 
superlattices  measured  there  is  a  slight,  but  noticeable,  “dip” 
in  the  thermal  conductivity  curve  between  90  and  100  K.  The 
exact  reason  for  this  feature  is  unclear  at  the  present  time, 
although  we  suggest  that  it  could  be  indicative  of  phonon 
filtering  at  this  temperature. 


Temperature  (K) 

Figure  4:  Measured  thermal  conductivities  for  the  InP  substrates  and  the 
130  nm  PECVD  Si02.  These  values  were  used  to  determine  the  temperature 
rise  in  each  film  for  eqn  (3). 

Future  Work 

Clearly  there  is  more  work  to  be  done.  The  finite 
difference  model  will  be  completed  to  extract  and 
KpW.ne,.  Additionally,  variations  in  the  number  of  periods  will 
be  used  in  order  to  gain  insight  as  to  the  role  interface 
scattering  in  heat  conduction. 
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